An analysis of Alouette 1 plasma resonance observations by Benson, R. F.
An Analysis of  Alouette I 
Plasma Resonance Observations 
BY 
Robert F .  Benson 
NASA-Goddard Space F l i g h t  Center 
Greenbe I t ,  Maryland 
April  1968 
Presented a t  the NATO Advanced Study I n s t i t u t e  on Plasma Waves i n  Space 
and in  the Laboratory, R h o s ,  Norway, Apri l ,  1968. 
https://ntrs.nasa.gov/search.jsp?R=19680012066 2020-03-24T00:22:07+00:00Z
Abs t rac t  
The plasma resonances  observed by t h e  Aloue t t e  I s a t e l l i t e  were 
ana lyzed  t o  determine ( a )  whether the f r e q u e n c i e s  o f  t h e  c y c l o t r o n  harmonic 
resonances  fo l low t h e  harmonic r e l a t i o n  f n  = n f H ,  (b)  the  s i z e  of t h e  
r e sonan t  e x c i t a t i o n  r e g i o n ,  and (c)  t h e  p h y s i c a l  n a t u r e  of t h e  observed  
phenomena. The major o b s e r v a t i o n s  were: (1)  When h igh  o r d e r  c y c l o t r o n  
harmonic resonances  were observed  the  f r equenc ie s  of t h e s e  resonances  
d e v i a t e  from the above harmonic r e l a t i o n  i n  t h a t  they cor respond t o  lower 
v a l u e s  f o r  fH than do t h e  lower o rde r  harmonics.  ( 2 )  Some of the c y c l o t r o n  
harmonic r e sonan t  f r e q u e n c i e s  were found t o  be s e n s i t i v e  t o  changes i n  t h e  
e l e c t r o n  d e n s i t y  N ,  t h e  maximum observed v a r i a t i o n  be ing  0 .4  + 0.2% f o r  
t h e  n = 3 resonance when the  value of  t h e  upper -hybr id  frequency c r o s s e s  
t h e  va lue  of 3fH. ( 3 )  The frequency of occur rence  of  the  nfH resonances  
w i t h  n > 4 was h i g h e s t  when the  v e l o c i t y  of  t h e  s a t e l l i t e  vs was approxi-  
ma te ly  p a r a l l e l  t o  B'. ( 4 )  The d u r a t i o n  of most of  t h e  plasma resonances  
depends on t h e  ang le  i3 between vs and 3; it  i n c r e a s e s  w i t h  i n c r e a s i n g  
cos B f o r  the resonances  a t  f N  ( e l e c t r o n  plasma f requency)  and a t  nfH when 
n > 2 ,  b u t  d e c r e a s e s  f o r  t h e  resonance a t  f T  (upper -hybr id  f r e q u e n c y ) ,  
(5) Large p e r i o d i c  amplitude f l u c t u a t i o n s  of the  o r d e r  of  2 - 3  k c / s e c  
were o f t e n  observed  d u r i n g  the  decay of  the  fT resonance  i n  t h e  h igh -  
l a t i t u d e  d a t a  (but  never  i n  the l o w - l a t i t u d e  d a t a )  and d u r i n g  the  decay 
of the  f N  resonance i n  t h e  low- la t i t ude  d a t a  (but  never i n  the  h i g h - l a t i t u d e  
d a t a ) .  (6)  Resonances of long d u r a t i o n  were observed  a t  f N ,  f T ,  and t h e  
lower harmonics of f H  when the  r a d i a t i n g  antenna ( long  an tenna  i n  t h i s  
c a s e )  was f a r  removed from a p a r a l l e l  c o n f i g u r a t i o n  w i t h  2. The major 
c o n c l u s i o n s  i n f e r r e d  from t h i s  a n a l y s i s  a r e :  (1) The plasma resonance  
- 
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a t  3fH i s  not w e l l  d e s c r i b e d  by t h e  o f t e n - a p p l i e d  e l e c t r o s t a t i c  approxi -  
mation t o  the d i s p e r s i o n  e q u a t i o n ,  and i t  appea r s  t h a t  t h e  f u l l  e l e c t r o -  
magnetic equa t ions  m u s t  be r e t a i n e d  i n  t h i s  c a s e .  
r e g i o n s  p rec ludes  s i m i l a r  s t a t e m e n t s  conce rn ing  t h e  o t h e r  r e sonances .  
( 2 )  Some of the resonances  of long d u r a t i o n  can  be i n t e r p r e t e d  a s  plasma 
waves w i t h  group v e l o c i t i e s  matched t o  t h e  s a t e l l i t e  v e l o c i t y ,  and i n  
some c a s e s  a p r e f e r r e d  d i r e c t i o n  of p ropaga t ion  i s  i n d i c a t e d ,  The group 
v e l o c i t y  i s  predominately pe rpend icu la r  t o  
predominately p a r a l l e l  t o  The resonances  
of s h o r t  d u r a t i o n  ( a t  t h e  h i g h e r  harmonics of  fH> a r e  a t t r i b u t e d  t o  plasma 
waves of n e a r l y  ze ro  group v e l o c i t y .  ( 3 )  The r e g i o n  of r e sonan t  e x c i t a t i o n  
ex tends  beyond t h e  an tenna  s h e a t h  r e g i o n  b u t  no t  beyond s e v e r a l  an tenna  
l eng ths  from the s a t e l l i t e .  ( 4 )  The n a t u r a l  s p e c t r a l  width of t h e  nfH 
resonances  i s  less t h a n  10 k c / s .  
The cho ice  of t h e  d a t a  
f o r  t h e  fT resonance  and 
f o r  t h e  fN and 3 f ~  r e sonances .  
I n t r o d u c t i o n  
Plasma resonances have been the  s u b j e c t  o f  c o n s i d e r a b l e  i n t e r e s t  i n  
t h e  f i e l d s  o f  plasma phys ic s  and geophysics i n  r e c e n t  y e a r s .  I n  t h e  f i e l d  
of plasma phys ic s  most o f  t h e  r e s e a r c h  h a s  been r e l a t e d  t o  e l e c t r o n  and ion  
c y c l o t r o n  harmonic r a d i a t i o n  observed i n  thermonuclear  f u s i o n  o r i e n t e d  ex- 
pe r imen t s .  Other r e s e a r c h  h a s  been i n i t i a t e d  i n  a n  a t t e m p t  t o  e x p l a i n  the  
A l o u e t t e  I o b s e r v a t i o n s  o f  a ser ies  o f  resonances e x c i t e d  by a t r a n s m i t t i n g  
an tenna  immersed i n  a plasma (Crawford, 1965; Crawford e t  a l . ,  1967) .  In  
t h e  f i e l d  o f  geophysics  a g r e a t  d e a l  of i n t e r e s t  i n  plasma resonances c e n t e r s  
around t h e i r  p o t e n t i a l  u s e  i n  e l e c t r o n  d e n s i t y  and magnet ic  f i e l d  measure- 
ments from space v e h i c l e s  s i n c e  f N  a Nk and fH a B where f N  i s  t h e  e l e c t r o n  
plasma f r equency ,  N i s  t h e  e l e c t r o n  d e n s i t y ,  f H  i s  t h e  e l e c t r o n  c y c l o t r o n  
f r equency ,  and B i s  t h e  t o t a l  i n t e n s i t y  o f  t h e  magnetic f i e l d .  
The plasma resonances observed by t h e  Canadian s a t e l l i t e  A l o u e t t e  I 
are  a by-product s i n c e  t h e  main purpose of t he  s a t e l l i t e  was t o  o b t a i n  
e l e c t r o n  d e n s i t y  p r o f i l e s  o f  t h e  t o p s i d e  ionosphere.  The s a t e l l i t e ' s  sweep 
frequency sounder cove r s  a r ange  of 0 . 5  t o  11 .5  Mc/s e v e r y  18 seconds,  and 
t h e  r e s u l t i n g  d a t a  can be ana lyzed  d i r e c t l y  i n  t h e  ampl i tude  v s .  t i m e  f o r -  
m a t  o r  can be conve r t ed  t o  t h e  conven t iona l  ionogram format ( F i t z e n r e i t e r  
and Blumle, 1964);  both formats  are i l l u s t r a t e d  i n  F i g .  1. These r e sonances  
were f i r s t  observed by Lockwood (1963); t h e i r  i d e n t i f i c a t i o n  and e x p l a n a t i o n  
were extended by C a l v e r t  and Goe (1963) who were t h e  f i r s t  t o  i n t e r p r e t  
them a s  plasma re sonances .  They are commonly observed a t  t h e  f r e q u e n c i e s  
f N ,  f H ,  harmonics of f H ,  f T y  and i t s  second harmonic 2fT ( s e e  Table 1 f o r  
a n  e x p l a n a t i o n  o f  t he  n o t a t i o n  common1:r used i n  t h i s  p a p e r ) .  
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The co ld  plasma theo ry  of  e l e c t r o m a g n e t i c  wave p ropaga t ion  (Appleton- 
H a r t r e e  theo ry )  p r e d i c t s  unique e f f e c t s  f o r  t h e  p ropaga t ion  modes a t  t h e  
f r e q u e n c i e s  f,,  f x ,  and f N  when the  wave number k = - 2rr + 0 and f H  
and fT when k -+ 03 (Beke f i ,  Chap. 7 ,  1966) .  
group v e l o c i t y  approaches  z e r o ,  i . e . ,  - -, 0 .  S t u r r o c k  (1961) c o n s i d e r s  
8k 
t h i s  c o n d i t i o n  t o  be a s u i t a b l e  d e f i n i t i o n  f o r  a r e s o n a n t  s i t u a t i o n  s i n c e  
no energy i s  then l o s t  by p ropaga t ion .  S i m i l a r  r e s o n a n t  c o n d i t i o n s  a r e  
n o t  p r e d i c t e d  f o r  t h e  f r e q u e n c i e s  nfH, n = 2 ,  3 ,  - - -  i n  co Id  plasma theo ry .  
The f i r s t  a t t empt  t o  e x p l a i n  t h e  e x i s t e n c e  of  resonances  a t  t h e s e  f r e q u e n c i e s  
on t h e  Aloue t t e  I d a t a  were based on t h e  n o n - c o l l e c t i v e  e f f e c t s  of the 
bunching of  e l e c t r o n s  (Lockwood, 1963; Johns ton  and N u t t a l l ,  1964) .  L a t e r  
work has  cen te red  on t h e  c o l l e c t i v e  behavior  of t h e  plasma, and has  a t t empted  
t o  e x p l a i n  t h e  observed  long d u r a t i o n  a s s o c i a t e d  w i t h  t h e  resonances  i n  
terms of s o l u t i o n s  of t h e  wave d i s p e r s i o n  e q u a t i o n  i n  warm plasma t h e o r y .  
Two d i f f e r e n t  d i s p e r s i o n  theory approaches  have been cons ide red  - the  f i r s t  
c o n s i d e r s  s t r i c t l y  e l e c t r o s t a t i c  ( l o n g i t u d i n a l )  o s c i l l a t i o n s  of the  plasma 
( F e j e r  and C a l v e r t ,  1964; S t u r r o c k ,  1965) ,  whereas t h e  second a l l o w s  f o r  
t r a n s v e r s e  o s c i l l a t i o n s  by c o n s i d e r i n g  t h e  f u l l  e l e c t r o m a g n e t i c  e q u a t i o n s  
(Shkarofsky, 1966; Shkarofsky and Johns ton ,  1965) .  For a d i s c u s s i o n  of 
t h e  d i s p e r s i o n  r e l a t i o n s ,  see Bekef i  (Chap. 1, 1966) and S t i x  (1962).  
F e j e r  and C a l v e r t  (1964) s t r e s s e d  t h e  requi rement  o f  low Landau 
1 
I n  a l l  o f  t h e s e  c a s e s  t h e  
aw 
damping i n  t h e i r  a t t e m p t  t o  e x p l a i n  t h e  resonances  o f  long d u r a t i o n  observed  
by Aloue t t e  I .  They s i m p l i f i e d  t h e  d i s p e r s i o n  r e l a t i o n  f o r  t h e  e l e c t r o -  
s t a t i c  approximation by c o n s i d e r i n g  t h e  r e g i o n  o f  small k and found s o l u t i o n s  
cor responding  t o  the  observed r e sonan t  f r e q u e n c i e s  when 0 = 0 and 0 = 1712, 
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+ 4 where 0 i s  the a n g l e  between k and B .  The s o l u t i o n s  o b t a i n e d  were the  
f o l l o w i n g :  f = f H  and f = f N  when k i s  approximately p a r a l l e l  t o  8, and 
f = fT and f = n f H  w i t h  n = 2 ,  3 ,  - - - -  when k i s  approximately p e r p e n d i c u l a r  
t o  %. 
t he  s p r e a d i n g  of a wave packe t  w i t h  low group v e l o c i t y .  The r e s u l t s  i n d i -  
c a t e d  t h a t  when 0 < 8 < n/2 the  group v e l o c i t y  V i s  approximately per-  
p e n d i c u l a r  t o  k and t h e  o s c i l l a t i o n s  q u i c k l y  d i e  o u t ,  b u t  when 8 = 0 o r  
8 = n/2 t h e  d i r e c t i o n  of ? 
l a s t i n g .  S t u r r o c k  (1965) cons ide red  s o l u t i o n s  of t h e  e l e c t r o s t a t i c  d i s -  
p e r s i o n  e q u a t i o n  when V = 0 and used t h e  i n f i n i t e s i m a l  d i p o l e  approximation 
t o  c a l c u l a t e  t h e  t i m e  dependence of  t h e  observed r e sonances .  The c a l c u l a t e d  
+ 
-b 
The d u r a t i o n s  of the  resonances were i n v e s t i g a t e d  by c o n s i d e r i n g  
4 
g 
-% 
+ i s  p a r a l l e l  t o  k and t h e  o s c i l l a t i o n s  a r e  long g 
g 
d u r a t i o n  t i m e s  g r e a t l y  exceeded the  observed d u r a t i o n s ;  t h e  d i s c r e p a n c y  
w a s  a t t r i b u t e d  t o  t h e  motion of t he  s a t e l l i t e  o u t  o f  the  r e g i o n  o f  e x c i t a t i o n .  
Dee r ing  and F e j e r  (1965) extended t h i s  approach by c a l c u l a t i n g  bo th  t h e  
space  and t i m e  dependence o f  t h e  f i e l d  a s s o c i a t e d  w i t h  t h e  r e sonances .  
Shkarofsky and Johnston (1965)(see a l s o  Shkarofsky,  1966) c r i t i c i z e d  
t h e  above work because t h e  e l e c t r o s t a t i c  approximation t o  t h e  d i s p e r s i o n  
e q u a t i o n  i s  used i n  t h e  domain o f  small  k .  They a l s o  s t r e s s e d  t h e  concept  
of matching rhe  wave group v e l o c i t y  wi th  the  s a t e l l i t e  v e l o c i t y ,  r a t h e r  
t h a n  c o n s i d e r i n g  c o n d i t i o n s  of ze ro  group v e l o c i t y ,  and found t h a t  matching 
c o n d i t i o n s  cou ld  be s a t i s f i e d  f o r  t h e  nfH resonances f o r  a l l  n when t h e  
waves were n o n - l o n g i t u d i n a l  b u t  only f o r  n 3 when the  waves were long- 
i t u d i n a l .  The c a l c u l a t e d  t i m e  d u r a t i o n s  a s s o c i a t e d  w i t h  t h e  e l e c t r o s t a t i c  
matching p o i n t s  were f a r  g r e a t e r  t han  t h e  observed d u r a t i o n s  whereas t h e  
c a l c u l a t i o n s  based on t h e  e l e c t r o m a g n e t i c  matching p o i n t s  gave o r d e r - o f -  
magnitude agreement .  They i n f e r  t h a t  when both matching p o i n t s  a r e  
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p o s s i b l e ,  f o r  a given resonance ,  t h e  s h o r t  wavelength e l e c t r o s t a t i c  waves 
a r e  more d i f f i c u l t  t o  e x c i t e  and are more s t r o n g l y  a f f e c t e d  by an tenna  
s h e a t h s  than  the  non- long i tud ina l  waves. T h e i r  c a l c u l a t i o n s  i n d i c a t e  a n  
e x c i t a t i o n  mechanism f a v o r i n g  t h e  lower harmonics  bu t  a r e sonan t  r e l a x a t i o n  
a f t e r  e x c i t a t i o n  f a v o r i n g  t h e  h i g h e r  harmonics .  The frequency d e v i a t i o n  
( fn -n fH) / fn  was found t o  b e  r e l a t i v i s t i c a l l y  sma l l  f o r  t h e  n o n - l o n g i t u d i n a l  
waves ( t h i s  r e q u i r e d  t h e  use  o f  r e l a t i v i s t i c  t heo ry )  bu t  of a l a r g e r ,  and 
p o s s i b l y  d e t e c t a b l e ,  magnitude f o r  t h e  l o n g i t u d i n a l  waves. A s i m i l a r  - bu t  
no t  a s  e x t e n s i v e  - t h e o r e t i c a l  t r ea tmen t  h a s  been given by Dougherty and 
Monaghan (1965) .  
This  paper  p r e s e n t s  t h e  r e s u l t s  o f  an  a n a l y s i s  of  t h e  A l o u e t t e  I plasma 
resonances  which was conducted t o  o b t a i n  in fo rma t ion  OR the  p h y s i c a l  n a t u r e  
of  t h e  observed phenomena and t o  answer t h e  fo l lowing  two q u e s t i o n s :  
(1) What i s  the  i n t e r a c t i o n  volume a s s o c i a t e d  wi th  t h e  observed r e sonances?  
( 2 )  How c l o s e  do t h e  observed c y c l o t r o n  harmonic r e sonan t  f r e q u e n c i e s  f n  
a g r e e  wi th  t h e  harmonic law f n  = nfH? 
The f i r s t  q u e s t i o n  i s  of  importance i n  t h e  measurement of  e l e c t r o n  
d e n s i t y  which i s  d i f f e r e n t  i n  t h e  s h e a t h  r e g i o n  su r round ing  the  s a t e l l i t e  
t han  i n  t h e  und i s tu rbed  medium. Both q u e s t i o n s  must be consider2.d i n  t h e  
d e s i g n  of a magnetometer based on t h e  observed  c y c l o t r o n  harmonic r e sonances  
s i n c e  harmon i c - r e c o g n i t i o n  o f f e r s  a p o s s i b l e  method o f  d i s t i n g u i s h i n g  t h e s e  
resonances  from t h e  o t h e r  plasma re sonances ,  and t h e  i n t e r a c t i o n  volume 
determines  t h e  e f f e c t  t h a t  a r e s i d u a l  s p a c e c r a f t  f i e l d  w i l l  have on t h e  
o b s e r v a t i o n s .  
e a r t h ' s  magnetic f i e l d  from s a t e l l i t e s  w i thou t  employing t h e  long  booms 
t h a t  a r e  c u r r e n t l y  u s e d  t o  s e p a r a t e  t h e  magnc!toinc~ti.r scbnsing element  from 
Such a magnetometer cou ld  o f f e r  a method of measuring t h e  
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t h e  main s p a c e c r a f t .  This  may be of p a r t i c u l a r  v a l u e  i n  f u t u r e  s a t e l l i t e s  
r e q u i r i n g  s e v e r a l  p a i r s  o f  long an tennas  f o r  e l e c t r i c  f i e l d  exper iments  
s i m i l a r  t o  those proposed by Aggson e t  a l . ,  (1967).  
The main problem i n  t h e  i n v e s t i g a t i o n  of the  A l o u e t t e  c y c l o t r o n  h a r -  
monic resonances  i s  t h a t  t h e  e x a c t  va lue  o f  the  e a r t h ' s  magnetic f i e l d  3 
i s  n o t  known a t  the  p o s i t i o n  of  t h e  s a t e l l i t e .  The harmonic n a t u r e  of  t h e  
resonances  can be i n v e s t i g a t e d ,  however, i f  a r e f e r e n c e  f i e l d  can be ob- 
t a i n e d  t h a t  w i l l  p rovide  a c c u r a t e  r e l a t i v e  v a l u e s  from one resonance t o  
a n o t h e r .  Ba r r ing ton  and Herzberg (1966) i n v e s t i g a t e d  s p e c i a l l y  s e l e c t e d  
A l o u e t t e  I ionograms c o n t a i n i n g  reasonably  long s e r i e s  of c y c l o t r o n  harmonic 
resonances  t h a t  were observed  over  a wide range o f  c o n d i t i o n s .  They c a l -  
c u l a t e d  f H  f o r  each  resonance  on a given ionogram from t h e  r e l a t i o n  fH=fn/n 
and t h e n  used t h e  mean of t hese  va lues  f o r  the  r e f e r e n c e  l e v e l  on t h a t  
ionogram. No d e v i a t i o n s  from a harmonic r e l a t i o n s h i p  were d e t e c t e d  w i t h i n  
t h e i r  exper imenta l  accuracy  of 1%. 
The p r e s e n t  a n a l y s i s  of  Alouettct I d a t a  a t t a i n s  an expe r imen ta l  
accu racy  of  0 .2% o r  b e t t e r  by ave rag ing  the d a t a  from many ionograms. The 
problem of o b t a i n i n g  a r e l i a b l e  r e f e r e n c e  f i e l d  was so lved  by imposing 
t h r e e  r e s t r i c t i o n s  on t h e  s e l e c t i o n  of  t h e  d a t a .  F i r s t ,  on ly  d a t a  from 
sma l l  s p a t i a l  r e g i o n s  were cons ide red .  Th i s  r e s t r i c t i o n  was necessa ry  
because e x i s t i n g  model f i e l d  c a l c u l a t i o n s  do n o t  d e s c r i b e  t h e  e a r t h ' s  main 
f i e l d  wi th  t h e  same p r e c i s i o n  over  t h e  e n t i r e  e a r t h  (Cain,  1966) .  I n  small  
r e g i o n s ,  however, t h e  c a l c u l a t e d  f i e l d  can be used t o  provide  the  r e l i a b l e  
r e l a t i v e  r e f e r e n c e  f i e l d  v a l u e s  from one measurement t o  t h e  n e x t .  In  o r d e r  
t o  o b t a i n  a t r u e  d a t a  sample from each r e g i o n ,  no a t t empt  was made t o  s e l e c t  
ionograms on t h e  b a s i s  of t h e  n a t u r e  o r  niiiaber of  rescnaI?ces p r e s e n t  s ince  
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such a s e l e c t i o n  would f u r t h e r  res t r ic t  t h e  d a t a  i n t o  a s u b - c l a s s  t h a t  i s  
dependent on t h e  o r i e n t a t i o n  of t h e  s a t e l l i t e ' s  r a d i a t i n g  an tenna  wi th  
r e s p e c t  t o  3 (Lockwood, 1965) .  Second, on ly  d a t a  c o l l e c t e d  ove r  a t i m e  
i n t e r v a l  of approximately one y e a r  (mainly d u r i n g  1963) were cons ide red  
because t h e  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  model f i e l d  p r e d i c t i o n s  of t h e  
geomagnetic s e c u l a r  v a r i a t i o n  (Cain and Hendricks,  1967) may be s i g n i f i c a n t  
i n  t h e  p re sen t  a n a l y s i s  ove r  l onge r  i n t e r v a l s .  T h i r d ,  on ly  d a t a  from mag- 
n e t i c a l l y  q u i e t  days were cons ide red  i n  o r d e r  t o  s a f e l y  ignore  t h e  e f f e c t  
of magnetic d i s t u r b a n c e  f i e l d s .  These r e s t r i c t i o n s  g r e a t l y  reduce the  
amount o f  a v a i l a b l e  d a t a ,  b u t  t h i s  l i m i t a t i o n  i s  more t h a n  compensated f o r  
by t h e  r e s u l t i n g  r e f e r e n c e  f i e l d  (which p rov ides  a c c u r a t e  r e l a t i v e  v a l u e s  
of B as  w e l l  a s  n e a r l y  c o n s t a n t  v a l u e  o f  3 )  which can be used wi th  c o n f i -  
dence t o  i n v e s t i g a t e  t h e  A l o u e t t e  I c y c l o t r o n  harmonic resonances i n  a 
manner t h a t  can be d e s c r i b e d  a s  a somewhat c o n t r o l l e d  plasma phys ic s  e x p e r i -  
ment i n  space.  
+ 
Observat ions 
S e l e c t i o n  o f  d a t a .  The n e a r l y  c i r c u l a r  p o l a r  o r b i t  o f  A l o u e t t e  I 
made it  f e a s i b l e  t o  observe many s a t e l l i t e  p a s s e s  through a chosen r e g i o n  
of i n t e r e s t .  
t h e  geographic c o o r d i n a t e s ,  d i p o l e  l a t i t u d e ,  and magnet ic  i n c l i n a t i o n  
corresponding t o  t h e s e  r e g i o n s  a r e  given i n  Table 2 t o g e t h e r  w i t h  t h e  
a p p r o p r i a t e  t e l e m e t r y  r e c e i v i n g  s t a t i o n s .  (The i d e n t i f i c a t i o n  of t h e  d a t a  
i n  the  f i g u r e s  i s  by s t a t i o n  code r a t h e r  t h a n  by r e g i o n  number.) 
F i v e  small r e g i o n s  were s e l e c t e d  f o r  t h e  p r e s e n t  a n a l y s i s ;  
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The c r i t e r i a  used f o r  s e l e c t i n g  t h e  r e g i o n s  were t h e  fo l lowing :  t h e  
a v a i l a b i l i t y  o f  d a t a ,  t h e  frequency r e sponse  o f  the  A l o u e t t e  I sounder ,  
and t h e  o r i e n t a t i o n  of the  e a r t h ' s  magnetic f i e l d  v e c t o r  w i t h  r e s p e c t  t o  
the s a t e l l i t e ' s  v e l o c i t y  v e c t o r .  Region 1 was s e l e c t e d  f o r  a p i l o t  s tudy  
because t h e  d a t a  from t h i s  r e g i o n  were r e a d i l y  a v a i l a b l e  and t h e  r e s u l t s  
could  be compared wi th  e x i s t i n g  rocke t  measurements over  Wallops I s l a n d ,  
c 
V i r g i n i a  of t h e  e a r t h ' s  magnetic f i e l d .  Regions 2 and 3 were s e l e c t e d  
because they  a r e  l o c a t e d  n e a r  minimum and maximum v a l u e s  of t h e  e a r t h ' s  
magnetic f i e l d  (and fH),  r e s p e c t i v e l y .  The d a t a  from r e g i o n  2 ,  where the 
average  v a l u e  o f  fH i s  0.479 Mc/s,are s u i t a b l e  f o r  obse rv ing  the  h i g h e r  
ha rnon ics  of  fH - t h e  va lue  of 12 f H ,  f o r  example, is  5.75 Mc/s which i s  
s t i l l  w i t h i n  t h e  frequency response of the  sounder and which f a l l s  nea r  
the upper l i r n i t  of the  lower p o r t i o n  of  the  frequency v s .  time curve where 
t h e  i n t e r p o l a t i o n  between frequency marks i s  more r e l i a b l e  (F ig .  2 ) .  The 
d a t a  from r e g i o n  3 ,  where t h e  average v a l u e  of  fH i s  1.072 Mc/s, p rovides  
t h e  b e s t  a v a i l a b l e  o p p o r t u n i t y  f o r  obse rv ing  t h e  resonance  a t  f H  s i n c e  t h e  
r e sponse  o f  the  sounder drops r a p i d l y  f o r  f r e q u e n c i e s  below about  1 . 4  Mc/s 
(Molozzi,  F i g .  8 ,  1963).  Regions 4 and 5 were s e l e c t e d  because t h e  s a t e l l i t e ' s  
v e l o c i t y  v e c t o r  and t h e  e a r t h ' s  magnetic f i e l d  v e c t o r  were n e a r l y  perpendi -  
c u l a r  and n e a r l y  p a r a l l e l ,  r e s p e c t i v e l y .  These c o n d i t i o n s  were i n v e s t i g a t e d  
mainly t o  de te rmine  t h e  presence  o r  absence  of r e sonances ,  t h u s  the  more 
conven ien t  ionogram format was used r a t h e r  t han  the  ampl i tude  v s .  t ime 
fo rma t .  I n  a l l  of  t h e  above cases  t h e  l i m i t a t i o n  imposed on t h e  s i z e  of 
t h e  d a t a  r e g i o n  provided  n e a r l y  cons t an t  nfH f r e q u e n c i e s ,  i n  any g iven  
r e g i o n ,  and a uniform response  could be assumed f o r  t h e  A l o u e t t e  I sounder .  
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Method of a n a l y s i s .  A major p o r t i o n  of  t h e  a n a l y s i s  was c e n t e r e d  on 
t h e  i n v e s t i g a t i o n  o f  t h e  harmonic r e l a t i o n  fn=nfg a s  a p p l i e d  t o  the  observed 
c y c l o t r o n  harmonic r e sonances .  The q u a n t i t y  BR-Bc was measured f o r  each 
c y c l o t r o n  harmonic resonance on e v e r y  ionogram of i n t e r e s t ,  where BR i s  t h e  
magnetic f i e l d  deduced from t h e  frequency of t he  resonance and BC i s  t h e  
computed f i e l d  based on the. GSFC(9/65) r e f e r e n c e  f i e l d  (Hendricks and Ca in ,  
1966).  ( I n  g e n e r a l ,  on ly  one ionogram p e r  pass was cons ide red  i n  any given 
r e g i o n . )  
monics of fH i f  they fol low t h e  fn=nfH r e l a t i o n s h i p .  
determined from t h e  e x p r e s s i o n  
The measured q u a n t i t y  BR-Bc, should b e  c o n s t a n t  f o r  a l l  t h e  h a r -  
The f i e l d  BR was 
n = 1, 2 ,  3 ,  . . . . . . . .  ( 1 )  
This a n a l y s i s  i s  l i m i t e d  by t h e  accu racy  t o  which f, can be determined 
s i n c e  each 1 kc/s  e r r o r  i n  f n  i n t r o d u c e s  an  e r r o r  o f  approximately (36 /n )y  
i n  R R .  
There  a r e  f i v e  main s o u r c e s  of e r r o r  t h a t  l i m i t  the accuracy of t h e  
above procedure.  They are  t h e  u n c e r t a i n t i e s  i n  t h e  frequency marks, t h e  
i n t e r p o l a t i o n  between frequency marks,  t h e  s e l e c t i o n  o f  t h e  c e n t e r  f requency 
o f  t h e  resonance,  the o r b i t ,  and t h e  magnet ic  a c t i v i t y .  These u n c e r t a i n t i e s  
a r e  d i s c u s s e d  below: 
(1)  Frequency marks.  Frequency marks a r e  p r e s e n t  on t h e  t e l e m e t e r e d  
d a t a  a t  0 . 5 ,  1 . 5 ,  2 . 5 ,  - - - -  11 .5  Mc/s and a l s o  a t  2 . 0  and 7 .0  Mc/s. They 
appea r  a s  heavy v e r t i c a l  l i n e s  on t h e  ionogram format and as r e c t a n g u l a r  
p u l s e s  on t h e  ampli tude v s .  t i m e  format (F igu re  1 ) .  Pre- launch t e s t s  i n -  
d i c a t e d  t h a t  t he  same c o r r e c t i o n  term o f  - 2 5 1  k c / s  should be a p p l i e d  t o  
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each  o f  t h e  1 2  non- in t ege r  f requency marks and a c o r r e c t i o n  term of  -8-14 k c / s  
t o  t h e  two i n t e g e r  f requency marks ( E .  A .  Walker,  p r i v a t e  communication, 
1965) .  The l a t t e r  frequency marks were in t ended  f o r  i d e n t i f i c a t i o n  r a t h e r  
t han  f o r  measuring and t h u s  were not  used i n  t h e  p r e s e n t  a n a l y s i s .  An 
a t t e m p t  was made t o  check t h e  frequency mark c o r r e c t i o n  te rm by obse rv ing  
t h e  WWV s t a n d a r d  t i m e  s i g n a l  on 10 .0  Mc/s a s  t r a n s m i t t e d  from Greenbe l t ,  
Maryland and r e c e i v e d  on t h e  Aloue t t e  sounder a s  i t  passed overhead .  A 
c l e a r  s i g n a l  was r eco rded  on e l even  occas ions  and t h e  c o r r e c t i o n  t e r m  f o r  
t h e  non- in t ege r  f requency  marks was e s t ima ted  t o  be -2+10 - k c / s ;  t h e  l a r g e  
e r r o r  r e s u l t e d  from t h e  u n c e r t a i n t y  i n  t h e  i n t e r p o l a t i o n  between t h e  f r e -  
quency marks which a r e  no t  l i n e a r l y  spaced wi th  r e s p e c t  t o  time a s  i s  
e v i d e n t  from F i g .  2 .  I n  s p i t e  o f  t he  l i m i t a t i o n  of t h e  above t e s t ,  t h e  
r e s u l t s  i n d i c a t e  t h a t  t h e r e  i s  no reason  t o  assume t h a t  a f requency s h i f t  
h a s  taken  p l a c e  s i n c e  launch;  hence,  t h e  pre- launch  va lues  were used i n  
t h i s  a n a l y s i s .  
- 
( 2 )  I n t e r p o l a t i o n .  A 3 r d  degree i n t e r p o l a t i o n  was used between f requency  
marks.  T h i s  procedure w a s  cons idered  a c c u r a t e  t o  b e t t e r  t han  1 k c / s  excep t  
i n  t h e  frequency range above 5.5 Mc/s where i t  i s  d i f f i c u l t  t o  i n t e r p o l a t e  
w i t h  accu racy  (see F i g .  2 ) .  A t h i r d  degree e x t r a p o l a t i o n  was used f o r  
f r e q u e n c i e s  below 1 .5  Mc/s when the  0 .5  Mc/s f requency marker was n o t  p r e s e n t .  
(3)  S e l e c t i n g  t h e  c e n t e r  f requency.  The de te rmina t ion  of t h e  c e n t e r  
f requency  f o r  any g iven  resonance  was a s s i s t e d  by measuring t h e  d u r a t i o n  
of each  pu l se  (from the  ampl i tude- t ime format )  i n  t h e  r e sonan t  se r ies ,  
p a s s i n g  2nd and  3 rd  degree cu rves  through t h e  v a l u e s  a d j a c e n t  t o  tile peak 
v a l u e  t o  o b t a i n  e s t i m a t e s  f o r  t h e  peak t i m e ,  and t lwn i n t c r p o l a t i n g  between 
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t h e  frequency marks t o  o b t a i n  t h e  co r re spond ing  f r equency .  The r e s o n a n t  
d u r a t i o n  i s  de f ined  a s  t h e  t i m e  i n t e r v a l  between t h e  o n s e t  o f  t h e  t r a n s m i t t e r  
p u l s e  and the  p o i n t  where t h e  r e sonan t  s i g n a l  has  decayed t o  t h e  n o i s e  
l e v e l  p r i o r  t o  the  p u l s e d  d i s t u r b a n c e .  This q u a n t i t y  cou ld  u s u a l l y  be m e a -  
su red  t o  a n  accuracy o f  t 0 . 1  msec on a l l  r e sonances  e x c e p t  f o r  some o f  
t h e  resonances a s s o c i a t e d  w i t h  f N  and fT which o f t e n  d i s p l a y e d  l a r g e  ampl i tude  
f l u c t u a t i o n s .  The d u r a t i o n  o f  each r e s o n a n t  p u l s e  was measured r a t h e r  t han  
i t s  ampli tude,  s i n c e  ampl i tude  shap ing  and l i m i t i n g  c i r c u i t s  were employed 
i n  the  Aloue t t e  I r e c e i v e r  (Molozzi, P .  432, 1963) .  Also ,  p o s s i b l e  uncer-  
t a i n t i e s  i n t roduced  by t h e  AGC a c t i o n  o f  t he  r e c e i v e r  were minimized by 
t h i s  technique s i n c e  t h e  t r a n s i t i o n  from t h e  r e sonan t  s i g n a l  t o  t h e  back- 
ground n o i s e  l e v e l  w a s ,  i n  g e n e r a l ,  e a s y  t o  d i s t i n g u i s h .  (The background 
n o i s e  l e v e l  was n o t  s i g n i f i c a n t l y  a l t e r e d  d u r i n g  o r  fo l lowing  a s e r i e s  of 
l a r g e  r e sonan t  p u l s e s  which i n d i c a t e s  t h a t  t he  AGC a c t i o n  had ve ry  l i t t l e  
e f f e c t  on t h e  above type of measurement.)  The u n c e r t a i n t y  involved i n  t h e  
above procedure depends on t h e  n a t u r e  o f  t h e  d a t a  and v a r i e s  from a few 
k c / s  up t o  the frequency i n t e r v a l  between p u l s e s  - which v a r i e s  from 15 t o  
20  kc / s  ove r  t h e  frequency range o f  t h e  sounder .  The sca t t e r  i n  t h e  d a t a ,  
however, i n d i c a t e  t h a t  t h e  ave rage  e r r o r  was approximately 2 4 k c / s  ( s e e  
Appendix).  I f  t he  d a t a  a r e  s c a l e d  i n  t h e  ionogram f o r m a t ,  t h e  co r re spond ing  
e r r o r  i s  approximately _+ 20 k c / s .  
(4)  O r b i t .  E r r o r s  i n  t h e  d e t e r m i n a t i o n  of t h e  o r b i t  produce e f f e c t i v e  
e r r o r s  i n  t h e  c a l c u l a t e d  f i e l d  B c .  The p o s i t i o n  a c c u r a c y  o f  t h e  A l o u e t t e  I 
s a t e l l i t e  a t  any given time was t a k e n  a s  + 4 Icm a l o n g  i t s  o r b i t a l  pa th  and 
- + 0 .5  km i n  a l t i t u d e .  These p o s i t i o n  e r r o r s  g ive  r ise t o  e r r o r s  i n  BC of 
- 
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16 ,  5 ,  and 1Oy i n  r eg ions  1 ,  2 ,  and 3 ,  r e s p e c t i v e l y .  [I t  h a s  been r e c e n t l y  
c a l l e d  t o  t h e  a u t h o r ' s  a t t e n t i o n  t h a t  t h e  p o s i t i o n  e r r o r s  may be a s  h igh  
a s  + - 10 km i n  t h e  h o r i z o n t a l  d i r e c t i o n  and 5 4 km i n  t h e  v e r t i c a l  d i r e c t i o n  
(J .  W .  S i r y ,  pe r sona l  communication, 1967);  t h e  co r re spond ing  e r r o r s  i n  
BC are  81, 28,  and  70y i n  r e g i o n s  1, 2 ,  and 3 ,  r e s p e c t i v e l y .  These v a l u e s  
a r e  upper  l i m i t s ,  however, and t h e  r e l a t i v e l y  low s c a t t e r  of t h e  d a t a  
p o i n t s  i n  t h e  p r e s e n t  a n a l y s i s  (see Appendix) i n d i c a t e s  t h a t  t h e  former 
v a l u e s  a r e  r e a s o n a b l e  e s t i m a t e s  of  t h e  probable  e r r o r s . ]  
(5) M a m e t i c  a c t i v i t y .  The da ta  were r e s t r i c t e d  t o  p e r i o d s  of low 
magnet ic  a c t i v i t y  i n  o rde r  t h a t  BC would provide  a c o n s i s t e n t  e s t i m a t e  of 
t h e  t r u e  f i e l d .  Only d a t a  cor responding  t o  t i m e  i n t e r v a l s  when t h e  geomag- 
n e t i c  p l a n e t a r y  3-hr  range index  Kp and t h e  F rede r i cksburg  3-hr range index  
K F ~  w e r e  less t h a n  2 were cons ide red .  I n  a d d i t i o n ,  f o r  t h e  d a t a  from t h e  
low l a t i t u d e  r e g i o n ,  i . e . ,  t h e  AGA-SNT d a t a  o f  r e g i o n  2 ,  t h e  hour ly  v a l u e s  
o f  t h e  e q u a t o r i a l  D s t  ( t h e  average  magnet ic  s torm f i e l d  ove r  a l l  l o n g i t u d e s )  
a s  g iven  by Sugiura  and Hendricks (1966) were r e s t r i c t e d  t o  a b s o l u t e  v a l u e s  
less than  2OY and t h e s e  v a l u e s  were sub ' t rac ted  from t h e  computed BC v a l u e s .  
S i m i l a r  c o r r e c t i o n s  are  n o t  a v a i l a b l e  f o r  t h e  s o l a r  q u i e t  day v a r i a t i o n  
f i e l d  Sq a t  t h e  s a t e l l i t e ' s  a l t i t u d e  o f  1000 km; they  a r e  cons ide red  t o  
be of t h e  o r d e r  o f  1Oy (J .  C .  Cain,  pe r sona l  communication, 1967) .  
Frequency s h i f t  w i th  n .  The r e s u l t s  of  t h e  above d i f f e r e n c e  f i e l d  
a n a l y s i s  f o r  t h e  t h r e e  main r eg ions  under i n v e s t i g a t i o n  a r e  p re sen ted  i n  
F i g .  3a (each point: r e p r e s e n t s  a weighted average - see Appendix) .  A 
l i n e a r  s h i f t  i s  observed i n  t h e  va luc  of H R - I i ~  ( o r  i n  RK s i n c e  RC i s  merely 
a r e f e r e n c e  l e v e l )  w i t h  i n c r e a s i n g  Iiarmonic number when n : 4 i n  t h e  low- 
l a t i t u d e  r e g i o n  (AGA-SNT), and t h i s  s h i f t  i s  o f f s e t  between t h e  7 th  and 8 t h  
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harmonics .  This observed s h i f t  i n  BR i m p l i e s  a d e v i a t i o n  i n  t h e  r e s o n a n t  
f requency from t h e  harmonic r e l a t i o n  fn=nfH; t h e  maximum frequency d i s -  
placement i s  - 0 . 6  - + 0.1% between 4fH and 12fH. 
t i o n s  imposed on  t h e  d a t a  c o l l e c t i o n  procedure a s  d e s c r i b e d  i n  t h e  i n t r o -  
A s  a r e s u l t  of t h e  r e s t r i c -  
duc t ion ,  t he  resonances  a t  t h e  h i g h e r  harmonics were observed very  i n f r e -  
quen t ly .  This  l i m i t a t i o n  i s  compensated f o r  by t h e  h i g h e r  accuracy  o f  
t h e  magnet ic  f i e l d  de t e rmina t ions  based on t h e s e  resonances  (see Appendix).  
I n  t h e  two o t h e r  r e g i o n s  t h e  v a l u e  o f  BR a s s o c i a t e d  wi th  2fH i s  s i g n i f i c a n t l y  
h i g h e r  t han  t h e  remaining v a l u e s  when t h e  p o i n t s  w i t h  l a r g e  u n c e r t a i n t i e s  
p e r t a i n i n g  t o  s i n g l e  o b s e r v a t i o n s  a r e  ignored .  
I n  o rde r  t o  de termine  whether t h e  s h i f t  i n  BR w i t h  n observed i n  t h e  
l o w - l a t i t u d e  d a t a  was r e a l  - and n o t  caused by a f a u l t y  cho ice  of t h e  f r e -  
quency mark c o r r e c t i o n  t e r m  - t h e  d a t a  were p l o t t e d  f o r  a l l  p o s s i b l e  v a l u e s  
of t h i s  t e r m  i n  F i g .  4 .  The r e s u l t s  i n d i c a t e  t h a t  t h e  observed s h i f t  i s  
p r e s e n t  i n  the  d a t a  r a t h e r  t han  be ing  in t roduced  d u r i n g  t h e  p r o c e s s  o f  
a n a l y s i s .  
Frequency s h i f t  w i th  N .  The above d a t a  were r e s t r i c t e d  i n t o  groups 
w i t h  h igh  and l o w  e l e c t r o n  d e n s i t y  N and t h e  r e s u l t s  are  p r e s e n t e d  i n  F i g .  
3b (except  fo r  t h e  BPO s t a t i o n  where t h e  a v a i l a b l e  d a t a  were l i m i t e d ) .  
This d a t a  d i v i s i o n  was p o s s i b l e  because t h e  d a t a  were f a i r l y  w e l l  d i s t r i b u t e d  
i n  l o c a l  t ime (F ig .  5 )  which caused a c o n s i d e r a b l e  v a r i a t i o n  i n  e l e c t r o n  
d e n s i t y  a s  can be  seen  from a n  i n s p e c t i o n  o f  F i g .  6 where t h e  d i s t r i b u t i o n  
o f  the  plasma f requency  i n  l o c a l  t i m e  i s  p r e s e n t e d .  Also  p r e s e n t e d  i n  t h i s  
f i g u r e  i s  t h e  d i s t r i b u t i o n  of t h e  upper hybr id  frequency f T  i n  l o c a l  t i m e .  
The Value o f  fT,  w i th  respect t o  nfH, is o f  major importance i n  d i s p e r s i o n  
c:.ear:-; t h e  r e l a t i v e  p o s i t i o n s  of t h e s e  f r e q u e n c i e s  a r e  i l l u s t r a t e d  i n  F i g .  7 .  
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P o s i t i v e  frequency s h i f t s  are  observed wi th  a n  i n c r e a s e  i n  N a t  2fH 
(+.19+.06%) - i n  t h e  h igh  l a t i t u d e  r eg ion  and a t  3fH (+.4+.2%) - i n  t he  low 
l a t i t u d e  r e g i o n .  
t o  be  dependent on N i n  t h e  h i g h - l a t i t u d e  r e g i o n ,  whereas i t  i s  t h e  on ly  
major nfH resonance  observed t o  be independent o f  N i n  t h e  l o w - l a t i t u d e  
r e g i o n .  Local c o n d i t i o n s  were cons ide rab ly  d i f f e r e n t  i n  t h e s e  two cases  
i n  t h a t  fT < 2fH f o r  a l l  va lues  o f  N i n  t h e  former but  fT  > 2fH f o r  a l l  
v a l u e s  o f  N i n  t h e  l a t t e r  (F ig .  7 ) .  The d i r e c t i o n  and magnitude o f  t he  
frequency s h i f t s  observed  a t  4 ,  5 ,  and 6 f ~  i n t h e  low l a t i t u d e  r e g i o n  
s u g g e s t s  t h a t  t hey  may be  the r e s u l t  o f  t h e  d i u r n a l  v a r i a t i o n  i n  Sq r a t h e r  
t han  t h e  v a r i a t i o n  i n  N .  The resonances n=7 and 8 i n  t h i s  r e g i o n  seem t o  
r e p r e s e n t  a t r a n s i t i o n  between low and h igh  harmonics .  I n  both  c a s e s  they  
a g r e e  wi th  t h e  lower harmonics  when N i s  low. When N i s  h i g h ,  however, 
t h e  resonance  a t  n=7 has  unique p r o p e r t i e s  i n  t h a t  i t  a g r e e s  ve ry  w e l l  
w i t h  t h e  o t h e r  h igh  N resonances  (with n 7) o n l y  i f  t h e  maxiinurn observed 
r e sonance ,  nmax, r eco rded  on t h e  same ionogram s a t i s f i e s  t h e  c o n d i t i o n  
nmax 2' 9.  
h i g h e r  f r equenc ie s .  A l l  of the  resonances  (h igh  and low N) f o r  n=8 were 
obse rved  when nmax 1' 9 ;  t h e  h igh  N v a l u e s  ag ree  v e r y  w e l l  w i t h  t h e  h i g h e r  
harmonics  and t h e  low N v a l u e s  agree  v e r y  w e l l  w i t h  t h e  lower harmonics .  
The resonances  f o r  n 2 9 were a l l  averaged t o g e t h e r  because of t h e  l i m i t e d  
d a t a  a v a i l a b l e  f o r  t h e s e  resonances ;  a l s o ,  t h e  t h r e e  v a l u e s  from the  low 
N group ( 2  v a l u e s  f o r  n=9 and one va lue  f o r  n=10) were c o n s i s t e n t  w i th  t h e  
remain ing  14 v a l u e s  from the  high N group. 
The resonance a t  n=2 i s  t h e  o n l y  nfH resonance  observed 
When nmax < 9 t h e  n=7 resonances f o r  h igh  N are  s h i f t e d  t o  
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Frequency of occur rence  and d u r a t i o n s .  The frequency of  occur rence  
of a g iven  nfH resonance i n  each  r e g i o n ,  and t h e  t ime d u r a t i o n s  of t h e  nfH 
resonances  i n  each r e g i o n  a r e  p re sen ted  i n  F i g .  8 and 9 r e s p e c t i v e l y .  The 
t r a n s i t i o n  frequency of 4 .7  Mcls,  which marks the  approximate frequency 
r e g i o n  of the change-over from t h e  domain of t h e  long  antenna t o  the  domain 
o f  t h e  s h o r t  an tenna ,  i s  i n d i c a t e d  on both f i g u r e s .  Two f a c t o r s  can i n f l u e n c e  
t h e  above r e s u l t s .  F i r s t ,  t h e  number of resonances  observed i s  somewhat 
dependent on ionosphe r i c  c o n d i t i o n s  s i n c e  t h e  r e c e i v e r  can be d e s e n s i t i z e d  
by i n t e r f e r e n c e  from ground t r a n s m i t t e r s ;  t h i s  c o n d i t i o n ,  i n  g e n e r a l ,  p r e -  
v e n t s  t he  obse rva t ion  o f  c y c l o t r o n  harmonic resonances  a t  f r equenc ie s  
g r e a t e r  than  fmax - t h e  c r i t i c a l  f requency of t he  F - l a y e r  (Lockwood, 1965) .  
An i n d i c a t i o n  o f  t h e  importance of t h i s  e f f e c t  on t h e  r e l a t i v e  number of 
c y c l o t r o n  harmonic resonances  observed (F ig .  8) can be ob ta ined  from t h e  
average  value o f  t he  q u a n t i t y  fmax- (nfH)max. 
u n i t s  of  &, r e p r e s e n t s  t h e  average  number of a d d i t i o n a l  c y c l o t r o n  harmonic 
resonances  t h a t  could have been observed wi th  f < f, and i s  p resen ted ,  
t o g e t h e r  w i t h  TH, f o r  each  r e g i o n  i n  Table  3 .  The v a l u e s  i n d i c a t e  t h a t  
i onosphe r i c  cond i t ions  w e r e  n o t  a major f a c t o r  i n  l i m i t i n g  t h e  number of 
h i g h e r  harmonics observed .  Second, s t r o n g  resonances  o f t e n  o v e r l a p  making 
r e s o l u t i o n  impossible  - i n  such cases  n e i t h e r  resonance i s  inc luded  i n  t h e  
d a t a .  The cyc lo t ron  harmonic resonances  a r e  f r e e  from t h i s  contaminat ion  
e f f e c t  when n 2 2 f o r  t h e  d a t a  from t h e  mid and h i g h - l a t i t u d e  r e g i o n s  and 
when n 2 4 fo r  t he  da t a  from the  l o w - l a t i t u d e  r e g i o n s .  The o b s e r v a t i o n a l  
c o n d i t i o n s  fo r  o v e r l a p  a r e  summarized i n  Table 4 .  
This  q u a n t i t y ,  expressed  i n  
The high frequency of occur rence  and long d u r a t i o n s  of t he  n fH  r e s o -  
nances observed i n  t h e  r e g i o n  where t h e  s a t e l l i t e  motion i s  approximate ly  
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p a r a l l e l  t o  t h e  d i r e c t i o n  o f  t h e  e a r t h ' s  magnet ic  f i e l d  ( Q U I  d a t a  of  F i g .  
8 and 9)  sugges t  a p o s s i b l e  dependence o f  resonance  d u r a t i o n  on t h e  a n g l e  
between t h e  s a t e l l i t e  v e l o c i t y  v e c t o r  Vs and t h e  e a r t h ' s  magnet ic  f i e l d  
v e c t o r  'it. 
f o r  t h e  d u r a t i o n  of a g iven  resonance i s  p l o t t e d  a g a i n s t  cos  3 ;  i t  i n c r e a s e s  
w i t h  i n c r e a s i n g  cos  B f o r  fN and nfH wi th  n 
minimum v a l u e  (of t h i s  maximum d u r a t i o n )  f o r  f T  occur s  when cos  3=1 and 
i s  e q u i v a l e n t  t o  t h e  c r i t i c a l  t i m e  TL (see Table  1 ) .  
2f:; appea r s  t o  b e  a s p e c i a l  c a s e  i n  t h a t  i t  i s  more d i f f i c u l t  t o  e s t a b l i s h  
a d e f i n i t e  t r e n d .  The e l e c t r o n  plasma resonance f N  was n o t  d e f i n i t e l y  
i d e n t i f i e d  on any one o f  t h e  47 ionograms from r e g i o n  4 (RES d a t a )  where 
cos  B 0 .  I n  s e v e r a l  c a s e s  t h e  c a l c u l a t e d  v a l u e  f o r  f N  was g r e a t e r  t han  
t h e  observed  f,  e x i t  f requency  and t h e r e  were no o t h e r  resonances observed  
i n  t h e  v i c i n i t y  t o  obscure  t h e  i d e n t i f i c a t i o n  o f  f N  - y e t  i t  was n o t  observed .  
The fH resonance  is  one of  t h e  s t r o n g e s t  resonances  observed i n  t h e  h igh-  
l a t i t u d e  r e g i o n s  i n  s p i t e  of a -40 db sounder response  a t  f H .  
o f  o b s e r v a t i o n s  o f  t h e  resonance a t  fH i n  t h e  l o w - l a t i t u d e  d a t a  is  caused 
by i n s t r u m e n t a l  l i m i t a t i o n s .  The observed t r e n d s  f o r  t h e  resonances a t  
Th i s  dependence i s  ev iden t  i n  F i g .  10 where t h e  maximum va lue  
3 bu t  dec reases  f o r  fT.  The 
The resonance a t  
The l a c k  
2fH, 3 f ~ ,  e t c . ,  are  r e a l ,  however, s i n c e  i n s t r u m e n t a l  e f f e c t s  would p r o d u c e  
t h e  o p p o s i t e  t r e n d s .  
The d u r a t i o n  o f  each resonance i s  p l o t t e d  a g a i n s t  t h e  r a t i o  fN/fH i n  
F i g .  11. The t h e o r e t i c a l  curves  f o r  t h e  r e l a t i v e  d u r a t i o n  of  a given 
resonance  a s  computed from t h e  e l e c t r o s t a t i c  approximat ion  by F e j e r  and 
C a l v e r t  ( F i g .  4 ,  1 9 6 4 )  a r e  presented  f o r  comparison w i t h  t h e  observed d a t a  
p o i n t s .  The v e r t i c a l  ad jus tment  of t h e s e  curves  i s  a r b i t r a r y ;  they  a r e  
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presen ted  as given by F e j e r  and C a l v e r t ,  i . e . ,  i n  agreement wi th  t h e i r  
o b s e r v a t i o n s  (which a r e  no t  reproduced h e r e ) .  The d a t a  p o i n t s  p re sen ted  
i n  F i g .  11 rep resen t  i n d i v i d u a l  measurements - n o t  averages  - and i t  should  
be kep t  i n  mind t h a t  t h e r e  i s  a c o n s i d e r a b l e  v a r i a t i o n  i n  t h e  d u r a t i o n  
va lues  (about 50% around t h e  mean) a s  a f u n c t i o n  o f  s a t e l l i t e  s p i n .  There 
i s  f a i r  agreement between t h e  p r e s e n t  o b s e r v a t i o n s  and t h e  e l e c t r o s t a t i c  
approximation f o r  t h e  resonances  a t  fH, 3fH, and 4fH; t h e  agreement i s  
u n c e r t a i n  f o r  t h e  resonances  a t  fN and fT and it  i s  poores t  f o r  t he  r e s o -  
nance a t  2 f ~ .  
Over-a l l  s t r u c t u r e  of resonances .  A t y p i c a l  resonance i s  composed 
of  approximately 10 pu l ses  of t h e  form shown i n  t h e  lower format  of F i g .  1 
and t h e  d u r a t i o n  of  each  p u l s e  i s  p l o t t e d  a g a i n s t  f requency i n  F i g .  12a.  
The example of F i g .  12a,  which i s  t y p i c a l ,  i l l u s t r a t e s  t h a t  t h e  shape of 
t h e  curve cannot  be determined from one resonance a l o n e ,  because t h e  b u i l d -  
u p  and d e c l i n e  around t h e  maximum i s  o f t e n  no t  uniform.  
a l l  t h e  obse rva t ions  o f  a g iven  resonance from a given s t a t i o n  were 
For t h i s  r e a s o n ,  
normalized i n  d u r a t i o n  and f requency .  The no rma l i za t ion  i n  d u r a t i o n  e l i -  
minated t h e  cons ide rab le  v a r i a t i o n  i n  peak-dura t ion  r e s u l t i n g  from s a t e l l i t e  
s p i n ;  t h e  no rma l i za t ion  i n  f requency (a s l i g h t  l i n e a r  s h i f t  o f  t h e  i n d i v i -  
d u a l  p o i n t s )  e l i m i n a t e d  t h e  a l r e a d y  small v a r i a t i o n  i n  c e n t e r  f requency 
f o r  a given set  of  o b s e r v a t i o n s  of  t h e  same c y c l o t r o n  harmonic resonance .  
The normalized va lues  a r e  p re sen ted  i n  F i g .  1 2 b - i .  I n  F i g .  12 b and d 
t h e  a v a i l a b l e  obse rva t ions  of t h e  2fn  resonance from two d i f f e r e n t  d a t a  
r e g i o n s  a r e  p re sen ted .  I n  a l l  t h e  examples p re sen ted  i n  F i g .  12  most 
o f  t he  p o i n t s  f a l l  w i t h i n  2 100 k c / s  of  t h e  c e n t e r  f requency .  The p o i n t s  
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o u t s i d e  t h i s  range  t h a t  appear  i n  t h e  fH resonance from the  GFO d a t a  
and t h e  3fH resonance from t h e  AGA-SNT d a t a  i n  F i g .  12c and e ,  r e spec -  
t i v e l y ,  r e s u l t e d  from t h e  ove r l app ing  of t h e  above resonances wi th  the  
fT resonance ( see  Table  4 and F i g .  7 ) .  This  ove r l app ing  contaminat ion  
of t h e  3fH resonance  i s  no t  p re sen t  i n  F i g .  12f where only  s e l e c t e d  
resonances  a r e  cons ide red .  
s e n t e d  i n  F i g .  12g,  h ,  and i, r e s p e c t i v e l y .  The f r equenc ie s  of t h e  
i n d i v i d u a l  r e s o n a n t  p u l s e s  a s s o c i a t e d  wi th  the  h ighe r  harmonics a r e  
a l s o  w e l l  w i t h i n  - + 100 k c / s  of  t h e  c e n t e r  f requency .  
The resonances 4 f ~ ,  5fH, and 6 fH a r e  p r e -  
Occas iona l ly  one 
o f  t h e s e  h i g h e r  harmonic resonances shows a double peak s t r u c t u r e  on a n  
ionogram; t h i s  s p l i t t i n g  occur s  when t h e  r e sonan t  r a d i a t i o n  r e c e i v e d  on  
t h e  p u l s e  nea r  t h e  c e n t e r  of  t h e  resonance i s  of  lower ampli tude and 
s h o r t e r  d u r a t i o n  t h a n  t h e  o u t s i d e  p u l s e s .  
F ine  s t r u c t u r e  of resonances .  Large ampl i tude  f l u c t u a t i o n s ,  which 
o c c a s i o n a l l y  become p e r i o d i c ,  were observed  d u r i n g  t h e  decay of some 
re sonances .  These f l u c t u a t i o n s  o f t e n  accompanied t h e  fT resonance i n  
t h e  h igh  l a t i t u d e  r e g i o n  (GFO) and t h e  fN resonance i n  the  low l a t i t u d e  
r e g i o n  (AGA-SNT). They became p e r i o d i c  on 45% of  t h e  observed fT r e s o -  
nances  i n  t h e  above h i g h - l a t i t u d e  r e g i o n  (but  never  i n  t h e  above low- 
l a t i t u d e  r eg ion )  and on 22% of the  observed  fN resonances i n  t h e  low- 
l a t i t u d e  r e g i o n  (but  never  i n  t h e  h i g h - l a t i t u d e  r e g i o n ) .  Examples of 
t h e s e  c o n d i t i o n s  a r e  p r e s e n t e l  i n  F i g .  13; i t  i s  appa ren t  t h a t  t h e  
f requency  o f  t he  f l u c t u a t i o n s  i s  d i f f e r e n t  f o r  each  resonance (1 .9  - + . 1  
k c / s  f o r  t h e  fN resonance and 2 . 7  - i- .1 k c / s  f o r  t h e  fT r e sonance ) ,  and 
t h a t  t h e  p e r i o d i c  f l u c t u a t i o n s  a r e  more prominent nea r  t h e  end of  t he  
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r e sonan t  s i g n a l  than near  t h e  beginning .  A p re l imina ry  i n v e s t i g a t i o n  
of t he  f l u c t u a t i o n s  i n d i c a t e s  a f requency v a r i a t i o n  f o r  t h e  same r e s o -  
nance from one r e g i o n  t o  a n o t h e r .  They appear  a s  a " f r i n g e - p a t t e r n "  
on the plasma resonances observed by t h e  Explorer  20 f ixed- f requency  
topside-sounder  (Ca lve r t  and Van Zandt,  1966) .  
A decaying s i g n a l  of s h o r t  d u r a t i o n  i s  o f t e n  observed a t  f,, t h e  
e x i t  f requency f o r  t h e  e x t r a o r d i n a r y  wave, on the  ampli tude-t ime format 
but  i s  n o t  obvious on the  ionogram format  where i t  appears  a s  p a r t  of 
the e x t r a o r d i n a r y  wave r e f l e c t i o n  t r a c e .  The r e c o r d  p resen ted  i n  F i g .  1 
i s  a good example of t h i s  c o n d i t i o n ;  t h e  l a s t  t h r e e  p u l s e s  from t h e  f, 
ampli tude-t ime t r a c e  of t h i s  f i g u r e  show t h e  p r o g r e s s i v e  s e p a r a t i o n  of  
t he  pu l se  i n t o  two components, i . e . ,  a decaying  s i g n a l  and an e c h o - r e t u r n  
wi th  i n c r e a s i n g  time de lay  on each succeeding  p u l s e .  The decaying s igna l  
has  t h e  appearance of a s h o r t  d u r a t i o n  resonance bu t  can a l s o  be i n t e r -  
p re t ed  a s  a s i g n a l  generated by t h e  frequency s i d e  bands of the t r a n s m i t t e d  
p u l s e .  Ca lve r t  and Van Zandt (1966) conclude t h a t  resonances a r e  not  
observed a t  fx  o r  f, on the  Explorer  20 f ixed- f requency  sounder r e c o r d s  
and t h a t  the  appa ren t  resonances observed a t  t hese  f r equenc ie s  on t h e  
Aloue t t e  I ionograms a r e  caused by ionosphe r i c  i r r e g u l a r i t i e s .  
Antenna o r i e n t a t i o n .  It was observed t h a t  s t r o n g  resonances  were 
r ece ived  on t h e  long antenna a t  fN, f T ,  2fH, and 3fH when resonances  a t  
t he  high harmonics of f H  were observed on t h e  same ionogram i n  the  low- 
l a t i t u d e  d a t a .  The l a t t e r  c o n d i t i o n  impl i e s  t h a t  t h e  s h o r t  an tenna  (which 
i s  pe rpend icu la r  t o  t h e  long an tenna)  was n e a r l y  p a r a l l e l  t o  t h e  e a r t h ' s  
magnetic f i e l d  a t  t he  time of o b s e r v a t i o n  (Lockwood, 1965) .  Thus, even 
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a f t e r  a l lowing  f o r  t h e  s a t e l l i t e  s p i n  between t h e  t i m e s  when t h e  l o w  and 
h igh  harmonics a r e  r e c e i v e d ,  t h e  obse rva t ions  i n d i c a t e d  t h a t  resonances  
of long  d u r a t i o n  a r e  r ece ived  a t  f N ,  fT ,  and t h e  lower harmonics of  fH 
when t h e  r a d i a t i n g  antenna i s  f a r  removed from t h e  p a r a l l e l  c o n f i g u r a t i o n  
which i s  so n e c e s s a r y  f o r  t h e  obse rva t ion  of  resonances  a t  t h e  h i g h e r  
harmonics of fH. Two c a s e s  where long d u r a t i o n  resonances  were observed 
w e r e  i n v e s t i g a t e d  i n  d e t a i l .  The r e s u l t s  f u l l y  suppor t  t h e  above h y p o t h e s i s  
i n  t h a t  t h e  long  an tenna  was observed t o  make a n  a n g l e  of  101' w i th  t h e  
magnet ic  f i e l d  d i r e c t i o n  d u r i n g  t h e  t i m e  o f  o b s e r v a t i o n  of resonances  of 
ex t remely  long  d u r a t i o n  ( fT ,  
one AGA ionogram - t h e  cor responding  a n g l e s  between t h e  long antenna and 
t h e  d i r e c t i o n  of  s a t e l l i t e  motion were 4 7 O  and 8 5 O  r e s p e c t i v e l y ) .  
f H ,  and 2fH on one GFO ionogram and 3 f ~  on
I n t e r p r e t a t i o n  
Magnetic contaminat ion .  A loue t t e  I w a s  des igned  f o r  i onosphe r i c  - 
n o t  magnet ic  - measurements and pre- lacnch  magnetic t e s t s  were no t  con- 
duc ted .  
c a t e s  t h a t  t h e  magnet ic  contaminat ion was n o t  l a r g e  (F ig .  3 a ) .  The 
concern o f  magnet ic  contaminat ion  t h u s  c e n t e r s  around a p o s s i b l e  sma l l  
f i e l d  which could  g ive  r i s e  t o  the observed  s h i f t  and /o r  o f f s e t  so c l e a r  
observed  i n  t h e  low- la t i t ude  d a t a  (AGA-SNT) of  F i g .  3a.  Such a magnet ic  
f i e l d  could o r i g i n a t e  i n  t h e  permanent o r  induced f i e l d  of  t h e  s a t e l l i t e  
body o r  i t s  a n t e n n a s .  
The f a i r l y  low va lues  of t h e  q u a n t i t y  IBR-BcI, however, i n d i -  
Pre- launch magnet ic  t e s t s  were conducted on t h e  s i m i l a r  A l o u e t t e  I1 
s a t e l l i t e ;  t h e  r e s u l t s  i n d i c a t e d  t h a t  t he  permanent f i e l d  was g r e a t e r  
Y 
t h a n  t h e  induced f i e l d  by approximately a f a c t o r  of  5 .  The maximum r a d i a l  
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component of the permanent f i e l d  i n  the  e q u a t o r i a l  p lane  of  t h e  s a t e l l i t e  
was lOOy a t  1.5m and less than  15y a t  3m; t h e  maximum r a d i a l  component 
a l o n g  the  s p i n  a x i s  was 5y a t  2m (C. A .  H a r r i s ,  p e r s o n a l  communication, 
1967) .  The antenna e lements  on Aloue t t e  I must a l s o  be cons ide red  a s  a 
p o s s i b l e  source of magnet ic  contaminat ion  s i n c e  they  were composed o f  
s p r i n g  s t e e l .  A 24 f t .  s e c t i o n  of  t h i s  m a t e r i a l  was o b t a i n e d  from t h e  
same s t o c k  a s  used i n  Aloue t t e  I ( cour t e sy  De Havi l land  A i r c r a f t  of 
Canada, L t d . )  and magnet ic  t e s t s  i n d i c a t e d  t h a t  t h e  permanent f i e l d  was  
g r e a t e r  t han  the induced f i e l d  by more than  a f a c t o r  of  10.  The permanent 
f i e l d  was only a few gammas a t  a r a d i a l  d i s t a n c e s  of  s e v e r a l  me te r s  from 
the  antenna element (6y a t  2m) but  was ve ry  l a r g e  nea r  t h e  antenna element 
(450y a t  15 cm). 
Frequency s h i f t s .  The f r e q u e n c i e s  of t h e  nfH resonances  observed i n  
t h e  low l a t i t u d e  r e g i o n  (F ig .  3a ,  AGA d a t a )  fo l low t h e  e m p i r i c a l  r e l a t i o n -  
sh ip  
f 4  f n  = n - [ I  - s ( n ) ]  
4 
where s ( n )  = (n-4)  ( . 0 9  - + .02)  and where 4 5 n 5 7 .  The resonances 
wi th  n > 7 agree wi th  t h i s  e x p r e s s i o n  i f  the  r e f e r e n c e  f i e l d  BC i n  F i g .  3a 
i s  s h i f t e d  by +47y f o r  each of t h e s e  resonances .  
This nega t ive  frequency s h i f t  w i th  i n c r e a s i n g  harmonic number n is  
n o t  p r e d i c t e d  by any of  t he  e x i s t i n g  t h e o r e t i c a l  t r e a t m e n t s  of  the Aloue t t e  
plasma resonance problem. It cannot  be exp la ined  i n  t e r m s  o f  t h e  AGC 
a c t i o n  of the  r e c e i v e r  (no s c a l i n g  c o r r e c t i o n s  were made f o r  t h e  AGC) s i n c e  
s h i f t s  oppos i te  t o  the  observed s h i f t s  would be expec ted  i f  t h i s  a c t i o n  
in f luenced  the r e s u l t s .  I t  i s  d i f f i c u l t  t o  e x p l a i n  i n  t e r m s  of magnet ic  
l -  
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contaminat ion  from a permanent f i e l d  on  a s p i n n i n g  s a t e l l i t e  such a s  
A l o u e t t e  I because of t h e  cons i s t ency  o f  the  d a t a .  An induced f i e l d ,  
which would n o t  r e v e r s e  s i g n  a s  the s a t e l l i t e  s p i n s ,  would appear t o  
be a more l i k e l y  cause of t h e  frequency s h i f t  a t  t h e  h i g h e r  harmonics;  
the measurements d i scussed  under 'magnetic c o n t a m i n a t i o n ' ,  however, ( see  
above) i n d i c a t e  t h a t  t h i s  f i e l d  i s  much weaker t h a n  t h e  permanent f i e l d .  
An i n v e s t i g a t i o n  of  the  plasma resonances observed by t h e  Aloue t t e  I1 
s a t e l l i t e  , where non-magnetic Be-Cu an tennas  a r e  used ,  should determine 
whether t h i s  f requency  s h i f t  is a n a t u r a l  phenomenon o r  simply the r e s u l t  
of  magnetic con tamina t ion .  The p o s i t i v e  frequency o f f s e t  observed f o r  
the  resonances  w i t h  n 2 8 i s  a t t r i b u t e d  t o  an an tenna  o r i e n t a t i o n  e f f e c t  
s i n c e  t h e  h i g h e r  harmonic resonances a r e  only observed when t h e  r a d i a t i n g  
an tenna  i s  n e a r l y  p a r a l l e l  t o  B (Lockwood, 1965) and t h i s  o r i e n t a t i o n  
r e s t r i c t i o n  appea r s  t o  be t h e  cause of t h e  low f requency  of occur rence  of 
t h e  resonances  w i t h  n 2 8 i n  t h e  AGA-SNT d a t a  ( F i g .  8) s i n c e  i o n o s p h e r i c  
-b 
c o n d i t i o n s ,  on t h e  ave rage ,  would have allowed 7 more nfH resonances  t o  
be observed  pe r  ionogram (Table 3 ) .  Again, an i n v e s t i g a t i o n  of  A l o u e t t e  
I1 d a t a  should h e l p  t o  de te rmine  whether t h i s  o f f s e t  i s  due t o  antenna 
magnetic f i e l d  contaminat ion  o r  t o  o t h e r  causes .  
The d i s p e r s i o n  t h e o r i e s  d o  p r e d i c t  r e l a t i v e l y  l a r g e  frequency s h i f t s  
w i t h  v a r i a t i o n s  i n  the e l e c t r o n  d e n s i t y  N f o r  the  nfH resonances  w i t h  
n <- 4 ,  i . e . ,  i n  t h e  frequency range of  t h e  upper -hybr id  frequency f T .  
The s h i f t s  expec ted  f o r  t h e  l o n g i t u d i n a l  waves w i t h  k 3 = 0 ( t h e  so- 
c a l l e d  B e r n s t e i n  modes) can  be v i s u a l i z e d  by i n s p e c t i n g  t h e  d i s p e r s i o n  
cu rves  based on the  e l e c t r o s t a t i c  approximation w i t h  0 = n / 2 .  Two s e t s  
3 
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of  d i s p e r s i o n  c u r v e s  a r e  p re sen ted  i n  F i g .  14; t h e  s l o p e  o f  each  curve  
i s  p r o p o r t i o n a l  t o  t h e  group v e l o c i t y .  The c a s e s  p r e s e n t e d  a r e  p e r t i n e n t  
t o  the  Alouet te  I l o w - l a t i t u d e  d a t a  (AGA-SNT), i n  t h a t  t h e  v a l u e  of  fT 
sweeps through t h e  v a l u e  of 3 f ~  ( see  F i g .  7 ) .  The shape of  t he  d i s p e r s i o n  
curve f o r  the l o n g i t u d i n a l  wave a s s o c i a t e d  w i t h  3fH changes d r a s t i c a l l y  
du r ing  t h e  above change i n  fT .  
observed frequency of  t h e  resonance  a t  f 3 ,  based on matching V, t o  l V g l  
i n  t he  reg ion  o f  sma l l  k ,  i s  from f 3  > 3fH ( p o s i t i v e  s l o p e )  t o  f 3  < 3fH 
(nega t ive  s lope )  a s  fT i n c r e a s e s .  
o p p o s i t e  d i r e c t i o n  ( F i g .  3b ) .  The observed s h i f t ,  however, i s  i n  t h e  
same d i r e c t i o n  as i n t e r p r e t e d  from t h e  cu rves  g iven  by Shkarofsky ( F i g .  6 ,  
1966) ,  which cor respond t o  t h e  matching o f  n o n - l o n g i t u d i n a l  wave group 
v e l o c i t i e s  t o  the s a t e l l i t e  v e l o c i t y ,  n e a r  t h e  c r i t i c a l  c o n d i t i o n  of  
fT nfH. The s i m i l a r  f requency  s h i f t  observed  f o r  t h e  n = 2 resonance 
i n  t h e  h i g h - l a t i t u d e  d a t a  of F i g .  3b i s  more d i f f i c u l t  t o  i n t e r p r e t  be -  
cause  t h e  matching c o n d i t i o n s  f o r  l o n g i t u d i n a l  and n o n - l o n g i t u d i n a l  waves 
The cor responding  change expec ted  i n  t h e  
The observed f requency  s h i f t  i s  i n  t h e  
bo th  appear  t o  be impor tan t  (Shkarofsky and Johns ton ,  1965; Shkarofsky ,  , 
P .  62,  1966) and t h e  c r i t i c a l  condi t ion.  fT ?; f n  i s  never  s a t i s f i e d  ( F i g .  7 )  
The observed frequency s h i f t  f o r  t h i s  resonance  i s  i n  t h e  same d i r e c t i o n  
as p r e d i c t e d  by t h e  e l e c t r o s t a t i c  approximat ion  where p o s i t i v e  s h i f t s  a r e  
expec ted  with a n  i n c r e a s e  i n  N when f T  
1964) .  The observed s h i f t s  f o r  t h e  n = 4 ,  5 ,  and 6 r e sonances  a r e  i n  . the 
o p p o s i t e  d i r e c t i o n  b u t  may be t h e  r e s u l t  o f  a v a r i a t i o n  i n  t h e  Sq f i e l d  
( see  "Observations "), 
f n  ( F e j e r  and C a l v e r t ,  e q .  30, 
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Magnetic f i e l d  r e f e r e n c e  l eve l .  The observed  d e v i a t i o n s  o f  t h e  
nfH re sonan t  f r e q u e n c i e s  from t h e i r  harmonic v a l u e s  i n t r o d u c e s  t h e  pro-  
b l e m  of de t e rmin ing  t h e  resonance of minimum f requency  s h i f t  f o r  magnet ic  
f i e l d  c a l c u l a t i o n s .  A comparison between t h e  GSFC(9/65) r e f e r e n c e  f i e l d  
used i n  t h i s  work and t h e  r e c e n t  GSFC(12/66) r e f e r e n c e  f i e l d ,  which in -  
c ludes  d a t a  from t h e  OGO-2 s a t e l l i t e ,  ( J .  C .  Ca in ,  p e r s o n a l  communication, 
1967) i n d i c a t e s  t h a t  t h e  z e r o  l e v e l s  i n  F i g .  3 should  be modi f ied  a s  
fo l lows :  lowered by 3y i n  r eg ion  1 ( B P O ) ,  lowered by 9y i n  r e g i o n  2 
(AGA-SNT), and r a i s e d  by l y  i n  reg ion  3 (GFO). The probable  e r r o r  a s s o -  
c i a t e d  w i t h  t h i s  f i e l d  i n  t h e  above r e g i o n s  i s  - + 20y; e x t r a p o l a t e d  r o c k e t  
measurements of t h e  magnet ic  f i e l d  ove r  Wallops I s l a n d ,  V i r g i n i a  (38'N, 
75'W) d u r i n g  p e r i o d s  of low magnetic a c t i v i t y  (Davis ,  e t  a l ,  1965) a r e  
c o n s i s t e n t  w i t h i n  t h e s e  e r r o r  l i m i t s .  The c o n s i s t e n t  r e s o n a n t  f r e q u e n c i e s  
a r e  f 3  when f T  < f 3  (GFO, BPO, and l o w  N AGA-SNT d a t a  - see F i g .  7) and 
f 2  when fT > f2  (AGA-SNT d a t a ) .  
Wave group v e l o c i t y .  The long t ime d u r a t i o n s  observed f o r  some o f  
t h e  plasma resonances  has  been a t t r i b u t e d  t o  plasma waves wi th  group 
v e l o c i t i e s  matched t o  t h e  s a t e l l i t e  v e l o c i t y  (Shkarofsky and Johns ton ,  
1965) .  It i s  o n l y  necessa ry  t o  invoke t h i s  matching requirement  when t h e  
r e s o n a n t  d u r a t i o n  exceeds t h e  time T ,  s i n c e  t h e  resonances  of  s h o r t e r  
d u r a t i o n  can  be a t t r i b u t e d  t o  the e x c i t a t i o n  of plasma waves of  n e a r l y  
z e r o  group v e l o c i t y  around t h e  antenna.  I n  t h i s  c a s e  the r e s o n a n t  d u r a t i o n  
i s  de termined  by t h e  t ime r equ i r ed  f o r  the  antenna t o  move through the  
r e g i o n  of o r i g i n a l  e x c i t a t i o n  (S tur rock ,  1965) .  This l i n e  of  r e a s o n i n g  
can be extended t o  inc lude  the resonances o f  1onk;c.r tliirat ion by assuming 
a r eq ion  of o r i g i n a l  e x c i t a t i o n  l a rger  than  thc.  c l i i i i c ~ n s i u n s  o t  Llie an tenna .  
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I f  i t  i s  assumed t h a t  a resonance  of long d u r a t i o n  ( i . e . ,  g r e a t e r  
t h a n  cor responds  t o  t h e  above matching between wave group v e l o c i t y  
and s a t e l l i t e  v e l o c i t y ,  t h e n  an i n s p e c t i o n  of F i g u r e  9 i n d i c a t e s  t h a t  
o n l y  t h e  nfH resonances  a t  n = 2 ,  3,  and 4 i n  t h e  l o w  l a t i t u d e  r e g i o n s  
(AGA-SNT and Q U I )  and t h o s e  a t  n = 1 and 2 i n  t h e  h igh  l a t i t u d e  r e g i o n s  
(RES and GFO) s a t i s f y  t h i s  c o n d i t i o n .  S i m i l a r l y ,  t h e  r e sonances  a t  
f N  and f T  s a t i s f y  t h i s  c o n d i t i o n  i n  t h e  low and h igh  l a t i t u d e  r e g i o n s ,  
r e s p e c t i v e l y  ( F i g u r e  1 0 ) .  I f  t h e s e  plasma waves have a p r e f e r r e d  
d i r e c t i o n  of p ropaga t ion  w i t h  r e s p e c t  t o  3 then  one would expec t  t h e  
-& 
observed resonant  d u r a t i o n  t o  be dependent on t h e  a n g l e  B between B 
3 
and V s ;  t h e  long and s h o r t  d u r a t i o n  of a g iven  resonance  be ing  observed  
wh.::i t h e  s a t e l l i t e  t ravels  p a r a l l e l  and pe rpend icu la r  t o  t h e  p ropaga t ing  
plasma wave, r e s p e c t i v e l y .  
i s  greatest when the s a t e l l i t e  t r a v e l s  n e a r l y  p a r a l l e l  t o  3 ;  t h e  resonance  
i s  n o t  observed when t h e  s a t e l l i t e  t r a v e l s  n e a r l y  p e r p e n d i c u l a r  t o  3. 
The maximum d u r a t i o n  of t h e  f N  resonance  
+ 
Thus V i s  
w i t h  fN and 
g 
The maximum 
approximate ly  p a r a l l e l  t o  3 f o r  t h e  plasma wave a s s o c i a t e d  
t h e  component of r e sonan t  r a d i a t i o n  w i t h  V 
d u r a t i o n  of t h e  f T  resonance  i s  g r e a t e s t  when t h e  s a t e l l i t e  
3 
0 i s  n e g l i g i b l e .  g -  
+ 
t r a v e l s  n e a r l y  pe rpend icu la r  t o  B and d rops  t o  t h e  v a l u e  of TL (see Table  1) 
when t h e  s a t e l l i t e  t r a v e l s  n e a r l y  p a r a l l e l  t o$ .  Thus ?g i s  approximate ly  
perpendicular  t o  'if f o r  t h e  plasma wave a s s o c i a t e d  w i t h  f T ,  and t h e  
component of r a d i a t i o n  w i t h T g c  0 i s  s i g n i f i c a n t .  The t r e n d  of t h e  
3f d a t a  i n d i c a t e s  t h a t  t h e  group v e l o c i t y  of t h e  plasma wave a s s o c i a t e d  
w i t h  t h i s  resonance i s  d i r e c t e d  approximate ly  p a r a l l e l  t o  -8 
H 
r a t h e r  
thtin pe rpend icu la r  t o  as would be expec ted  from t h e  t h e o r e t i c a l  
work of F e j e r  and C a l v e r t  (1964) which i s  based on t h e  e l e c t r o s t a t i c  
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approximation.  The resonances  a t  n 2 5 a s s o c i a t e d  wi th  t h e  waves 
of n e a r l y  z e r o  group v e l o c i t y  a t t a i n  t h e i r  maximum d u r a t i o n s  when 
t:ie s a t e l l i t e  t r a v e l s  n e a r l y  p a r a l l e l  t o  -8. T h i s  i s  to be expec ted  
s i n c e  t h e  f a v o r a b l e  an tenna  o r i e n t a t i o n  f o r  t h e  e x c i t a t i o n  of t h e s e  
waves i s  
a l o n g e r  t i m e  t o  move through t h e  r e g i o n  of o r i g i n a l  e x c i t a t i o n .  The 
r e sanance  a t  n = 4 seems to r e p r e s e n t  a t r a n s i t i o n  between t h e  c o n d i t i o n s  
of Vg 0 ( s i n c e  d u r a t i o n s  i n  e x c e s s  of TL are n o t  common), 
w i t h  V d i r e c t e d  mainly a long  B. The plasma wave a s s o c i a t e d  wi th  n = 2 
i s  n o t  r e s t r i c t e d  t o  e i t h e r  of t h e  p a r a l l e l  o r  pe rpend icu la r  propagat ion  
c o n d i t i o n s .  
p a r a l l e l  t o  9 (Lockwood, 1965) and t h u s  t h e  an tenna  r e q u i r e s  
A 
V, and Vg 
a a 
g 
The wave a s s o c i a t e d  with fH i s  observed when t h e  sa te l l i t e  
travels n e a r l y  pe rpend icu la r  to  8; i n s t r u m e n t a l  l i m i t a t i o n s  prevent  
i t s  o b s e r v a t i o n  when t h e  s a t e l l i t e  t ravels  n e a r l y  p a r a l l e l  t o  B. 
a 
I f  i t  i s  assumed t h a t  t h e  resonances  of  long  d u r a t i o n  s imply cor -  
respond t o  a l a r g e r  r e g i o n  of o r i g i n a l  e x c i t a t i o n ,  then  t h e  d a t a  p re sen ted  
i n  F i g u r e  10 can  be i n t e r p r e t e d  i n  terms of  t h e  shape of t h i s  e x c i t a t i o n  
r e g i o n .  
r e g i o n  e longa ted  a long  B ,  t h e  upper-hybrid resonance  co r re sponds  t o  a 
r e l a t i v e l y  wide (d imens ions  of t h e  o r d e r  of t h e  long  an tenna)  r e g i o n  
e l o n g a t e d  p e r p e n d i c u l a r  t o  B ,  t h e  2fH resonance  co r re sponds  t o  a roughly  
symmetr ical  r eg ion  w i t h  dimensions s l i g h t l y  l a r g e r  than  t h e  long a n t e n n a ,  
and t h e  nfH resonances  wi th  n 5. 3 correspond t o  narrow r e g i o n s  (smaller 
d imen t ions  a s s o c i a t e d  wi th  h i g h e r  n v a l u e s )  e longa ted  a long  B.  
The e l e c t r o n  plasma resonance a t  fN co r re sponds  t o  a narrow 
a 
4 
A 
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The e a r l i e r  assumption of t r a v e l i n g  waves keeping up w i t h  t h e  
s a t e l l i t e  appears  t o  be more c o n s i s t e n t  w i t h  t h e  d a t a  f o r  t h e  fo l lowing  
reasons :  ( 1 )  t h e  long t i m e  d u r a t i o n s  a s s o c i a t e d  w i t h  t h e  fN and f T  re-  
sonances would r e q u i r e  e longa ted  dimensions of t h e  o r d e r  of  t h r e e  
an tenna  l e n g t h s  - o r  more - f o r  t h e  o r i g i n a l  e x c i t a t i o n  r e g i o n ,  ( 2 )  t h e  
l a c k  of obse rva t ions  of t h e  f N  resonance  i n  t h e  RES data - s a t e l l i t e  
motion approximately ( w i t h i n  2 O )  p e r p e n d i c u l a r  t o  B - i m p l i e s  d imens ions  
of t h e  o r d e r  of 5 m o r  less  i n  t h e  d i r e c t i o n  p e r p e n d i c u l a r  t o  B ( t h e  
s a t e l l i t e  v e l o c i t y  i s  7 .3  m / m s e c  and a resonance  of t h e  o r d e r  of 0 .7  
msec c a n  be detected) , and ( 3 )  t h e  d i r e c t i o n  of t h e  f r equency  s h i f t  of 
t h e  3fH resonance n e a r  t h e  c r i t i c a l  c o n d i t i o n  of 3 f H X  f T  a g r e e s  w i t h  
t h e  t h e o r e t i c a l  work based on matching Vg t o  V,. 
+ 
-b 
3 -+ 
Region of o r i g i n a l  e x c i t a t i o n .  The l a c k  of s e r i o u s  magnetic con- 
t amina t ion  from t h e  s p r i n g  s tee l  an tennas  d e f i n i t e l y  i n d i c a t e s  t h a t  t h e  
e x c i t a t i o n  r e g i o n  i s  n o t  conf ined  t o  t h e  s h e a t h  r eg ion  sur rounding  them. 
Thus,  from t h e  poin t -of -v iew of t h e  p r e s e n t  d i s c u s s i o n  i t  i s  f o r t u n a t e  
t h a t  t h e  antenna e l emen t s  were n o t  composed of  a non-magnetic material  - 
as t h e y  would have been i f  t h e  experiment  was des igned  f o r  measuring 
t h e  magnetic f i e l d  by observi.ng cyc lo t ron-harmonic  plasma resonances .  
The observed r e s t r i c t e d  t i m e  d u r a t i o n s  of t h e  r e sonances  i n d i c a t e s  t h a t  
t h i s  e x c i t a t i o n  r e g i o n  does  n o t  ex tend  beyond s e v e r a l  an tenna  l e n g t h s  
' 
from t h e  s a t e l l i t e .  The maximum observed time d u r a t i o n  f o r  t h e  re- 
sonances a t  n=5 and 6 are e q u a l  t o  TL, t h e  s h o r t e r  d u r a t i o n  times f o r  
t he  resonances  a t  n > 6 c a n  be a t t r i b u t e d  t o  a smaller r e sonan t  r e g i o n  
o r  t o  t h e  l a c k  of optimum antenna  o r i en ta t ion  ( F i g u r e s  9 and 10). I n  
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t h e  h i g h - l a t i t u d e  r e g i o n s  t h e  s h o r t  t i m e  d u r a t i o n s  f o r  t h e  h i g h e r  n f H  resonances  
i n d i c a t e s  t h a t  t h e  e x c i t a t i o n  reg ion  h a s  a c y l i n d r i c a l  geometry around 
t h e  an tenna .  
B ,  f o r  f a v o r a b l e  e x c i t a t i o n  of t h e s e  r e sonances ,  t h e  s a t e l l i t e  motion 
When t h e  an tenna  i s  o r i e n t e d  approximate ly  p a r a l l e l  t o  
4 
i s  approximately p e r p e n d i c u l a r  t o  t h e  an tenna  and q u i c k l y  moves through 
t h e  r e sonan t  r e g i o n  which i s  of t h e  o r d e r  of  7m o r  less i n  r a d i u s  f o r  
e resonance p e r s i s t i n g  f o r  less t h a n  1 msec. 
The agreement of t h e  observed  va lue  of t h e  e l e c t r o n  plasma re-  
sonant  f requency  f N  w i t h  t h e  c a l c u l a t e d  v a l u e s  (based  on t h e  n$ r e sonances ,  
t h e  f T  r e sonance ,  and t h e  e x i t  f r equenc ie s  f, and f,) i n d i c a t e s  t h a t  t h e  
e x c i t a t i o n  r eg ion  a s s o c i a t e d  wi th  t h i s  resonance i s  a l s o  n o t  conf ined  
t o  t h e  an tenna  s h e a h  r e g i o n .  
S p e c t r a l  response  c u r v e s .  The wide f requency  range  o v e r  which 
a g iven  nfH plasma resonance  i s  observed ( F i g u r e  12) i s  a t t r i b u t e d  t o  
t h e  r e c e p t i o n  of s ide-bands  of t h e  t r a n s m i t t e d  p u l s e  w i t h i n  t h e  bandwidth 
of t h e  receiver.  
A l o u e t t e  11 i n d i c a t e s  t h a t  t h e y  cover  a s h o r t e r  f requency  i n t e r v a l  
(80 2 10 k c / s )  than  t h o s e  observed by Aloue t t e  I .  T h i s  d i f f e r e n c e  i s  
t o  be expec ted  s i n c e  t h e  overa l l  r e c e i v e r  bandwidth on Alouette.  I1 a t  
t h e  20 d b  p o i n t  i s  c o n s i d e r a b l y  l e s s  than on Aloue t t e  I [ 7 3  k c / s  compared 
w i t h  115 k c / s  (C. A. F r a n k l i n ,  personal  communication, 196711. 
resonances  observed  by A l a u e t t e  I appear  s l i g h t l y  wide r  than  expec ted  
on t h e  basis of bandwidth c o n s i d e r a t i o n s  a l o n e  and t h e  non-uni formi ty  
A q u i c k  i n s p e c t i o n  of t h e  nfH resonances  observed by 
The n fH 
i n  t h e  magnet ic  f i e l d  n e a r  t h e  an tennas  may be r e s p o n s i b l e  - e s p e c i a l l y  
f o r  t h e  h i g h e r  harmonics where t h i s  t v p c  o f  brondeiiing would be g r e a t e s t  
and where less r e sonan t  energy  would be expected to be e x c i t e d  by t h e  
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low energy  components of the  t r a n s m i t t e d  frequency spec t rum.  A broadening 
would be expec ted  if the  an tenna  e lements  were o p p o s i t e l y  d i r e c t e d  mag- 
n e t i c  d i p o l e s  and such a broadening  could  be r e s p o n s i b l e  f o r  the  s p l i t t i n g  
observed on some of the  h i g h e r  nfH re sonances .  
= r c i d e n i n g ,  however, a r e  t h e  i n s t r u m e n t a l  e f f e c t s  mentioned e a r l i e r ;  
o t h e r  broadening mechanisms (Heald and F h a r t o n ,  P .  2 7 4 ,  1965) a r e  i n s i g -  
n i f i c a n t  i n  the  p r e s e n t  problem. 
The main source  of 
Na tu ra l  s p e c t r a l  wid th  of nfH re sonances .  An e s t i m a t e  of  the  n a t u r a l  
~~ ~ 
s p e c t r a l  width of the  nfH plasma resonances  can be o b t a i n e d  from t h e s e  
c u r v e s .  The anomalous r e sonan t  p u l s e s  of s h o r t  d u r a t i o n  observed w i t h i n  
a g iven  r e sonan t  s e r i e s  of p u l s e s  (F ig .  12a) a r e  a t t r i b u t e d  t o  a c o n d i t i o n  
when the  resonant  f requency  i n  the  medium c o i n c i d e s  w i t h  a n u l l - p o i n t  i n  
t h e  frequency spectrum of  t h e  t r a n s m i t t e d  p u l s e .  The l a r g e  s c a t t e r  observed  
on t h e  normalized s p e c t r a l  response  cu rves  o f  F i g u r e s  1 2  b - i  i s  a l s o  
a t t r i b u t e d  t o  t h i s  c o n d i t i o n .  These o b s e r v a t i o n s  i m p l y  a n a t u r a l  s p e c t r a l  
wid th  of l e s s  t h a n  10 k c / s  f o r  the  nfH r e s o n a n c e s .  
Energy r equ i r emen t s  f o r  resonance e x c i t a t i o n .  An e s t i m a t e  of  the  
energy  r e q u i r e d  t o  e x c i t e  t h e  r e sonan t  r a d i a t i o n  can  a l s o  be ob ta ined  from 
t h e  above o b s e r v a t i o n s .  Frequency s i d e  lobes  a s  h igh  as t h e  seven th  a r e  
observed t o  be i m p o r t a n t ;  t h e  co r re spond ing  t r a n s m i t t e d  energy  i s  down 
by 2 7  db from t h e  main s p e c t r a l  component of  t h e  100 w a t t ,  100 psec  p u l s e .  
Thus a t r a n s m i t t e d  energy  of l e s s  t h a n  0.2 w i s  s u f f i c i e n t  t o  i n i t i a t e  
the  plasma re sonances  observed a t  fN, f T ,  and n f H  w i t h  n v a l u e s  up t o  5 ;  
s l i g h t l y  more energy  may be r e q u i r e d  f o r  the  h i g h e r  n v a l u e s  where o n l y  
t h r e e  o r  f o u r  f requency  s i d e  lobes  i n i t i a t e  the observcd  plasma r e s o n a n c e s .  
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d e s c r i b e  t h e  r e sonance .  The l a t t e r  s i t u a t i o n  appea r s  more r e l e v a n t  t o  
the p r e s e n t  o b s e r v a t i o n s  of t h e  fT resonance i n  the  h igh  l a t i t u d e  GFO 
d a t a  r e g i o n  s i n c e  t h e  ionosphe r i c  parameters , a re  such t h a t  t h e  r e q u i r e -  
ments (Deer ing  and F e j e r ,  1965, e q .  77)  of the  e l e c t r o s t a t i c  approximation 
a r e  n o t  v e r y  w e l l  s a t i s f i e d  and t h a t  the requi rements  ( F e j e r ,  1966, 
e q .  3 4 )  of  t h e  c o l d  plasma approximation a r e  never s a t i s f i e d  f o r  t h e s e  
d a t a .  
Cyc lo t ron  resonance magnetometer. The observed d e p a r t u r e  of  the  nfH 
plasma resonances  from a t r u e  harmonic r e l a t i o n  complicated t h e i r  a p p l i -  
c a t i o n  toward d e t e r m i n a t i o n s  of t h e  t o t a l  s c a l a r  magnetic f i e l d .  The 
observed  v a r i a t i o n  of r e sonan t  frequency a s  a f u n c t i o n  of t h e  e l e c t r o n  
d e n s i t y ,  which i s  g r e a t e s t  f o r  t h e  resonances  n e a r  2 f ~  and 3fH,  a l s o  must 
be c o n s i d e r e d .  A comparison of t h e  o b s e r v a t i o n s  w i t h  a c a l c u l a t e d  r e f e r -  
ence  f i e l d ,  and w i t h  t h e o r e t i c a l  p r e d i c t i o n s ,  i n d i c a t e s  t h a t  when fT < 3fH 
t h e  3fH resonance  g i v e s  t h e  b e s t  v a l u e  of  the  magnetic f i e l d ,  whereas 
when fT > 3fH t h i s  resonance  g ives  a value t h a t  i s  h i g h e r  t han  t h e  t r u e  
f i e l d .  Such comparisons a r e  ve ry  s e n s i t i v e  t o  u n c e r t a i n t i e s  i n  t h e  
a b s o l u t e  l e v e l  of t h e  r e f e r e n c e  f i e l d ,  however, and a combination plasma 
resonance  and magnetometer experiment may be r e q u i r e d  t o  de te rmine  which 
r e sonances  e x p e r i e n c e  n e g l i g a b l e  frequency s h i f t s .  The magnetic f i e l d  
d e t e r m i n a t i o n s  based on t h e  Aloue t t e  I c y c l o t r o n  harmonic resonance  
f r e q u e n c i e s  a r e  a c c u r a t e  t o  approximately 1% when t h e  c o n v e n t i o n a l  iono- 
gram d a t a  format  i s  used ,  when the  da t a  i s  s c a l e d  i n  t h e  r e c e i v e r - o u t p u t  
ampl i tude  v s .  t i m e  format the u n c e r t a i n t y  is  l e s s  than 0.5% which i s  of 
t h e  o r d e r  of  the  u n c e r t a i n t y  in t roduced  by the  observed f requency  s h i f t s  
w i th  harmonic number and e l e c t r o n  d e n s i t y .  
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(This  power e s t i m a t e  i s  an  upper l i m i t  because a p e r f e c t l y  r e c t a n g u l a r  
pu l se  i s  assumed.) 
fN and fT p e r i o d i c  ampli tude f l u c t u a t i o n s .  Large p e r i o d i c  ampl i tude  
~ 
f l u c t u a t i o n s  a r e  observed d u r i n g  t h e  decay of t he  fN and f T  resonances  
on ly  when t h e  s a t e l l i t e  i s  moving n e a r l y  p a r a l l e l  t o  the  p ropaga t ion  
d i r e c t i o n  of  t h e  plasma waves a s s o c i a t e d  w i t h  t hese  resonances  (F ig .  1 3 ) ;  
t he  f l u c t u a t i o n s  a r e  s m a l l e r  and of  a non-per iodic  n a t u r e  when t h e s e  
cond i t ions  are no t  s a t i s f i e d .  I f  t h e s e  waves a r e  cons ide red  t o  be long- 
i t u d i n a l  waves, a s  sugges ted  by F e j e r  and Ca lve r t  (1964) ,  t h e  i m p l i c a t i o n s  
a r e  t h a t  t h e  s t r o n g  p e r i o d i c  ampli tude f l u c t u a t i o n s  a r e  observed o n l y  
when the  o b s e r v a t i o n  p o i n t  moves i n  n e a r l y  the  same d i r e c t i o n  a s  t h e  
4 
o s c i l l a t i o n s  of E .  The t h e o r e t i c a l  work of Deering and F e j e r  (1965) ,  
which i s  based on t h e  e l e c t r o s t a t i c  approximat ion ,  i n d i c a t e s  t h a t  l a r g e  
v a r i a t i o n s  i n  the  r ece ived  f i e l d  s t r e n g t h  of t he  fN and f T  resonances  can 
be expected i n  t h e  d i r e c t i o n  p a r a l l e l  t o  k f o r  o b s e r v a t i o n a l  d i s t a n c e s  
n o t  l i n e a r l y  r e l a t e d  t o  t i m e .  They a l s o  f i n d  t h a t  t h e  wave numbers c o r -  
responding t o  a group v e l o c i t y  e q u a l  t o  t h e  s a t e l l i t e  v e l o c i t y  c o n t r i b u t e  
s u b s t a n t i a l l y  t o  t h e  f i e l d .  A s  po in ted  o u t  e a r l i e r ,  t he  p r e s e n t  o b s e r -  
v a t i o n s  suppor t  t h e  hypo thes i s  of matching wave group v e l o c i t y  and s a t -  
e l l i t e  v e l o c i t y  f o r  t h e s e  resonances ;  t h u s  t h e  p ropaga t ion  d i s t a n c e  z 
s a t i s f i e s  t h e  e x p r e s s i o n  z=Vst and no ampli tude f l u c t u a t i o n s  would be 
expected on t h e  b a s i s  of Deering and F e j e r  (1965).  I n  l a t e r  work on the  
fT resonance,  F e j e r  (1966) i n d i c a t e s  t h a t  the  c o n t r i b u t i o n  from t h e  c o l d  
plasma approximation probably dominates t h e  above e l e c t r o s t a t i c  c o n t r i -  
b u t i o n  and t h a t  under c e r t a i n  c o n d i t i o n s  both approximat ions  break  down 
so t h a t  a s o l u t i o n  of  t he  complete se t  of  equat io tw is r e q u i r e d  t o  
+ 
- 31 - * 
Electron dens i ty  resonance probe. The cons is tency  of the e l e c t r o n  
plasma resonant frequency f N  with the other resonant frequencies implies 
that  the fN resonance i s  not r e s t r i c t e d  t o  the antenna sheath region 
and t h a t  r e l i a b l e  ambient e l e c t r o n  d e n s i t i e s  can be determined.to an 
accuracy  of approximately 2% from a given Alouette I record. 
Appendix 
The g t h  ionogram, from a g iven  r e g i o n ,  p rov ides  the  d a t a  t o  c a l c u l a t e  
t h e  q u a n t i t y  (BR-BC)i f o r  each  resonance appea r ing  on t h a t  ionogram. 
weighted average  of the d a t a  from a l l  ionograms c o n t a i n i n g  a g iven  reson-  
A 
ance was c a l c u l a t e d  from t h e  fo l lowing  e x p r e s s i o n :  
fie co r re spond ing  
t h e  weighted mean 
A 
F w i  
e r r o r  l i m i t  w a s  t aken  a s  the  s t a n d a r d  d e v i a t i o n  of 
where t h e  weight w i  f o r  each  measurement i s  g iven  by 
w i = c  A (BR-Bc 1 i 1 
and A ( B ~ - B ~ ) ~  i s  t h e  e s t i m a t e d  u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e  i t h  o b s e r -  
v a t i o n  (Brownlee, 1965).  I n  t h e  l i m i t i n g  c a s e  where t h e r e  a r e  N o b s e r v a t i o n s ,  
each  w i t h  t h e  same u n c e r t a i n t y  AX, t h e  e x p r e s s i o n  f o r  t h e  e r r o r  r educes  
t o  t h e  more f a m i l i a r  form of AX/&. 
The e r r o r  l i m i t  , as determined from ( A 2 ) ,  is a lmost  e n t i r e l y  de- 
pendent on t h e  e s t i m a t e d  e r r o r  a s s o c i a t e d  wi th  each r e s o n a n t  c e n t e r  
f requency  measurement. From (1) t h i s  e r r o r  i s  g iven  by 
n 
The re la t ive v a l u e  of (Afn ) i  from one measurement t o  t h e  next  i s  cons ide red  
t o  b e  r e l i a b l e ,  b u t  t h e  a b s o l u t e  v a l u e  i s  somewhat q u e s t i o n a b l e  s i n c e  it 
i s  based on a s u b j e c t i v e  obse rva t ion .  Only r e l a t i v e  v a l u e s  are necessa ry  
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f o r  de te rmining  t h e  weighted average  from ( A l )  , whereas a b s o l u t e  v a l u e s  
are r e q u i r e d  i n  o r d e r  t o  de te rmine  t h e  co r re spond ing  e s t i m a t e  of e r r o r  
from (A2). I n  an a t t e m p t  t o  estimate t h e s e  a b s o l u t e  v a l u e s  it w a s  assumed 
t h a t  any b i a s  i n t roduced  i n t o  t h e  o r i g i n a l  estimate of ( A f n ) i  was con- 
s i s t e n t  from one measurement t o  t h e  n e x t  of  a g iven  p lasma resonance. The 
t r u e  weight of t h e  - i t h  measurement can t h e n  be expressed  as hi where k 
is a c o n s t a n t  f o r  a l l  measurements of t h e  resonance  under c o n s i d e r a t i o n .  
An o b j e c t i v e  estimate of k was ob ta ined  as fo l lows :  F i r s t ,  t h e  s t a n d a r d  
d e v i a t i o n  CT of  t h e  unweighted v a l u e s  of ( B R - B ~ ) i  was c a l c u l a t e d  f o r  t h e  
resonance ,  Second, t h e  expec ted  v a l u e  of V~(BR-BC)> w a s  c a l c u l a t e d  from 
t h e  e x p r e s s i o n  <(ABR)> = .79& which assumes a normal e r r o r  d i s t r i b u t i o n  
(Chapman and Bartels, 1962) and a s ta t i s t ica l  sample l a r g e  enough t o  p r o v i d e  
a r e l i a b l e  e s t i m a t e  f o r  0 ;  t h e s e  c o n d i t i o n s  were s a t i s f i e d  f o r  the  lower 
resonances.  A comparison of  t h e  c a l c u l a t e d  and observed v a l u e s  of  <(ABR)> 
i n d i c a t e d  t h a t  t h e  average  v a l u e  of k-4 was .6 for t h e s e  resonances ,  which 
i m p l i e s  t h a t  t h e  o r i g i n a l  estimates f o r  <(Afn)> (between 8 and 9 k c / s  f o r  
most resonances) were t o o  h i g h  by 3 o r  4 k c / s  i n  each  case. The v a l u e  of 
k f o r  each  of t h e  h i g h e r  resonances  w a s  de te rmined  by assuming t h a t  t h e  
average  value of t h e  o r i g i n a l  ( A f n ) i  estimates f o r  t h e s e  resonances  was 
a l s o  t o o  h igh  by 3 t o  4 kc / s .  Th i s  assumption appea r s  r e a s o n a b l e  s i n c e  
t h e r e  was very  l i t t l e  v a r i a t i o n  of 4 f n >  from one resonance  t o  t h e  n e x t ,  
which implies  t h a t  t h e  amount of t h e  o r i g i n a l  o v e r e s t i m a t e  w a s  n e a r l y  
uni form f o r  a l l  of t h e  resonances .  The major excep t ion  t o  t h e  above s t a t e m e n t  
i s  f o r  one of t h e  two resonances  a t  n=12 where af, w a s  19 k c / s .  Th i s  l a r g e r  
s c a l i n g  u n c e r t a i n t y  i s  t h e  reason  t h a t  t h e  e r r o r  b a r s  a s s o c i a t e d  w i t h  t h e  
n=12 e n t r y  i n  F ig .  3a i s  l a r g e r  t han  one would expec t  from (A2) and (A3). 
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[If Afn was a constant for all resonances, then 2 observations of the 12th 
harmonic should yield the same accuracy in determining BR as 72 observations 
of the 2nd harmonic; this result follows from the expression ABn2/ABn1 = 
(N1/N2)' n1/n2 where ABnl is the error associated with N1 observations of 
the resonance at n=nl and AB 
of the resonance at n=n.$] 
is the error associated with N2 observations "2 
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Table  1. Notat ion 
NOTATION DESCRIPTION 
BR 
BC 
f ,ax 
T 
T ~ = 6 . 3  msec 
T ~ = 3 . 1 5  msec 
-b 
vs 
E 1 ec t ron p lasma r e sonan t f requency  
E l e c t r o n  c y c l o t r o n  resonant  f requency  
Upper hybr id  resonant  f requency  
E x i t  f requency  of t h e  e x t r a o r d i n a r y  trace 
E x i t  f requency  of t h e  Z trace 
Observed frequency of t h e  plasma resonance  n e a r  n f H  
ELectron d e n s i t y  
T o t a l  i n t e n s i t y  of t h e  e a r t h ' s  magnetic f i e l d  
Magnetic f i e l d  deduced from f n  
C a l c u l a t e d  r e f e r e n c e  f i e l d  
Cr i t ica l  f requency of t h e  F l a y e r  
T r a v e l  t i m e  cor responding  to  a s a t e l l i t e  motion 
e q u i v a l e n t  to  t h e  t i p - t G -  t i p  an tenna  l e n g t h  
Value of T f o r  t h e  long antenna (46m) 
Value of T f o r  t h e  s h o - t  an tenna  (231111 
S a t e l l i t e  v e l o c i t y  <IvSl  = 7 . 3  km/sec) 
Sroup v e l o c i t y  of plasma wave 
.* 
Tab le  2 .  Locat ions of r e g i o n s  of Alouette 1: plasma resonance i n v e s t i g a t i o n s  
GEOGRAPHIC COORDINATES DIPOLE INCLINATION 
REGION STATION* LAT. RANGE LONG. RANGE LAT. RANGE RANGE** 
1 BPO 37.8 - + 1.2  -78.0 - + 1.5 49.2 - + 1.1 69.0 - + 1.0 
2 AGA-SNT -23.5 - + 1.7 -65.4 - + 2 . 6  -12.0 5 1.6 -16.5 - + 2.5 
3 GFO 57.0 5 1.3 -98.4 2 3.8 6 6 . 4  - + 0 .7  80.5 - + 1.0 
L, RES 80.2 - + 0 . 3  -97.8 - + l h . 7  84.5 - + 2 .8  89.4 - + 0 . 5  
5 QUI -iO.7 - + 1.5 -88.1 - + 1.5 0 .2  - + 1.6  0 .5  5 2.7 
~~ 
*BPO: Blossom P o i n t ,  Maryland; AGA: An to fagas t a ,  C h i l e ;  SNT: S a n t i a g o ,  
C h i l e ;  GFO: East Grand Forks ,  Minnesota; RES: R e s o l u t e  Bay ,  N.W.T.; 
QrrI : Qui t o ,  Ecuador. 
**Range of the  magnetic i n c l i n a t i o n  a t  1000 km as c a l c u l a t e d  from t h e  
GSFC(9/65) r e f e r e n c e  f i e l d  (Hendricks and C a i n ,  1966).  
Table 3 .  Average values  of f H  and {fmax - (nfHImax] 
BPO 0.973 1.3 TH 
AGA-SNT 0 .479  
GFO 1.072 
RES 
QU 1 
1.057 
0.536 
1 . 3  T H  
1 .7  7, 
5 . 8  TH 
- .  
T a b l e  4 .  P o s s i b l e  o v e r l a p  of f N  a n d / o r  f T  r e s o n a n c e s  w i t h  " f H  
r e s o n a n c e s  
S t a t i o n  f H 2 f H  3f H 4f H 
BFQ f N b  f T  
AGA- SNT 
G FO f N  f T  
RES f N  ' f T  
Q U I  
f N  & f T  
f N  fx f T  
f T  
f T 
F i g u r e  Captions 
1. 
2 .  
3 .  
Data formats  from a BPO reco rd  (pass 2354).  The plasma resonances  
appea r  a s  s t a l a c t i t e s  on t h e  ionogram format ( t o p )  - t h e  heavy 
v e r t i c a l  l i n e s  a r e  frequency markers which depend on t i m e  (sweep f re-  
quency sounder ) ,  and t h e  h o r i z o n t a l  l i n e s  a r e  t i m e  markers (each marker 
r e p r e s e n t s  2 /3  msec d e l a y  t i m e ) .  
a s e r i e s  of  r e s p o y e s ,  which appear a s  ' z e r o  t ime-de lay  e c h o s '  f o l -  
lowing t h e  i n d i v i d u a l  sounder p u l s e s ,  i n  the  r e c e i v e r - o u t p u t  amplitude 
v s .  time format  (below). The 16 msec s e p a r a t i o n  between p u l s e s  ( o f f  
s c a l e  i n  the  ionogram format)  i s  i n d i c a t e d  f o r  t h e  fN resonance .  See 
Table 1 f o r  n o t a t i o n .  
Frequency marks v s .  t i m e  on Alouet te  I (BPO pass  1309, 03:47 UT). 
D i f f e r e n c e  f i e l d  v s .  harmonic number ( s e e  Table  1 f o r  n o t a t i o n ) .  Each 
The resonances  are each  composed o f  
p o i n t  r e p r e s e n t s  a weighted average o v e r  t h e  i n d i c a t e d  number of o b s e r -  
v a t i o n s .  A l l  d a t a  from the  t h r e e  main d a t a  r e g i o n s  are p resen ted  i n  
( a )  and r e s t r i c t e d  d a t a  groups from two of t h e s e  r e g i o n s  a r e  p r e s e n t e d  
i n  (b) . 
i n  t h e  AGA-SNT d a t a  ( l o w - l a t i t u d e )  and t o  fN < 0.44 Mc/s ( f T  < 1.16 Mc/s) 
i n  t h e  GFO d a t a  ( h i g h - l a t i t u d e ) ;  t h e  h igh  N group cor responds  t o  
The low N group cor responds  t o  fN < 1.15 Mc/s ( fT  < 1.24 Mc/s) 
fN > 1.37 Mc/s ( f T  > 1.45 Mc/s) i n  t h e  AGA-SNT d a t a  and t o  f N  > 0.73 Mc/s 
( f T  > 1.29 Mc/s) i n  the  GFO da ta  (see F i g .  6 ) .  
t h e  average  v a l u e s  o f  low N and h i g h  N i s  approximate ly  a f a c t o r  o f  
2 i n  the  AGA-SNT d a t a  and 8 i n  t h e  GFO d a t a .  
The d i f f e r e n c e  between 
4 .  D i f f e r e n c e  f i e l d  v s .  n f o r  va r ious  frequency-mark c o r r e c t i o n  t e rms .  
5 .  Data d i s t r i b u t i o n  i n  l o c a l  time f o r  t h e  main d a t a  r e g i o n s .  
6 .  
7.  
8 .  
9 .  
10.  
11. 
12 .  
13 .  
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V a r i a t i o n  of  the  e l e c t r o n  plasma f requency  fN and t h e  upper -hybr id  
frequency f T  wi th  l o c a l  t i m e .  
ob ta ined  from the  e x p r e s s i o n  N = (10 ) f N / 8 1 .  
based on t h e  o t h e r  r e s o n a n t  f r e q u e n c i e s  observed on t h e  same r e c o r d  - 
i n d i c a t e  t h a t  the observed  r e sonan t  frequency was e i t h e r  beyond t h e  
frequency response  of  t h e  sounder o r  was q u e s t i o n a b l e  due t o  t h e  
ove r l app ing  of a ne ighbor ing  resonance ( see  Table 4 ) . ]  
R e l a t i v e  p o s i t i o n s  of t h e  observed  range  o f  t h e  nfH r e s o n a n t  f r e q u e n c i e s  
w i t h  r e s p e c t  t o  t h e  observed  range  of t h e  upper -hybr id  r e s o n a n t  f requency .  
Frequency of  occur rence  of the  nfH resonances  i n  each  r e g i o n  ( t o t a l  
number of ionograms: BPO, 13;  AGA-SNT, 46; GFO, 40;  RES,  4 7 ;  Q U I ,  3 0 ) .  
Average and maximum t i m e  d u r a t i o n s  of t h e  n fH  resonances  observed  i n  
e a c h  r eg ion .  The f requency  domain of t h e  s h o r t  an tenna  i s  i n d i c a t e d  
by SA; the parameters  TL and Ts a r e  d e f i n e d  i n  Table 1. 
Maximum observed r e s o n a n t  t i m e  d u r a t i o n  v s .  cos f3 where f3 i s  the  ang le  
between the s a t e l l i t e  v e l o c i t y  v e c t o r  Vs and t h e  e a r t h ' s  magnetic f i e l d  
v e c t o r  8. 
f o r  a given resonance .  The o b s e r v a t i o n a l  l i m i t  i s  between 15 and 16 msec 
Time d u r a t i o n  o f  each  resonance  v s .  fN/fH. 
Normalized s p e c t r a l  response  c u r v e s .  The v e r t i c a l  s c a l e s  a r e  l i n e a r  
The e l e c t r o n  d e n s i t y  N (cm-3) can be 
6 2  [Ca lcu la t ed  v a l u e s  - 
+ 
S t r a i g h t  l i n e s  a r e  used t o  connec t  t h e  v a l u e s  a t  each  s t a t i o n  
from zero up t o  t h e  peak d u r a t i o n  i n  e a c h  c a s e .  
Examples of the  p e r i o d i c  ampl i tude  f l u c t u a t i o n s  o c c a s i o n a l l y  ,observed 
d u r i n g  the decay of  the  fN and fT r e sonances .  
( f n  = 1.33 - I- .01 Mc/s) from SNT pass  4768 (16:49:06:35 UT). 
fT resonance ( fT  = 1 .37  - + .02 M C / S )  from GFO pass  5300 (15:06:11.77 UT). 
Bottom: 1 k c / s  t i m e  code s i g n a l .  
Top: fN resonance  
Middle: 
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14.  Dispersion curves i n  the e l e c t r o s t a t i c  approximation; k, i s  the 
wave number i n  the d i r e c t i o n  perpendicular t o  B and R i s  the  
e l e c t r o n  cyc lotron radius (adapted from Crawford, 1965) .  
-* 
I 
w 
P 
3 
t 
FREQUENCY (TIME) (Mch)- --y I SEC I+ 
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Figure 1 
0 
NUMBER OF OBSERVATIONS 
IO 13 7 5 2 1 1  42 39 46 34 21 I I  6 7 6 2 2 
1 6 0 M  :o I' 1 1 1 1 1 1 1  1 1 1 1 1 1 ~  I 
15 17 2 9 I 
I I 1 I I - 160- - 
OF0 (LEFT) 
AGA-SNT (RIGHT) 
0 LOW N - 
0 HIGH N .I 
- 
.I 
rn 
9 0  
0 b , 3 9  m 
m HIGH N 
I 
= o  
1 t T 
Y ^ . t  .. 0 T 
I 
46 AGA-SNT 
ALOUETTE 0- CORRECTED 
IONOGRAMS ALOUETTE IONOGRAMS 
40 OF0 
ALOUETTE 
-120 1 
Figure  3 
. 200 
160 
. 
120 
80 
40 
n 
h 
U 
0 0 
I 
m 
a 
m -40 
-80 
-120 
-160 
-2oa 
AGA-SNT RESULTS 
FOR DIFFERENT 
FREQUENCY-MARK 
CORRECTION TERMS 
+8 kc/s 
- 
L 
0 m 
- 
.I 
- -4 - 
.I 
I) 
- 
I 
- -8 - 
- 
- - 
m 
D -12 
1 I I I I I I .  I I I 
2 3 4 5 ' 6  7 8 9 I011 I2 
I A 
HARMONIC NUMBER (n) 
Figure 4 
- 
. 
. 
. 
- 
I 
. 
. 
D 
I 
I 
I 
D 
I 
I 
I 
D 
I 
I 
I 
D 
I 
. 
I 
D 
* 
(u 
0 cv 
00 
. 
e x  
x x  
X 
X X . # 
x x  
.X 
X 
X 
X X 
a. 
X 
.X 
x 
. 
a . 
X 
X 
X 
. . 
0 .  
0. . . . . . 
a 
0 
. 
0 
. 
W 
t) 
LL 
0 
a 
W 
0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 
Figure 7 
4 z z  
Z W  
!JJc 
m a a a u  I '  I 
I 
I 
'I 
I 
I 
I 
I 
I 
a 
I 
d. 
M 
OJ - 
0 
I 
I 
I . O  
I a 
B l o  
0 1  I 
# P 
e 
I 
I 
I 
I 
I- 
I 
I 
I 
I 
I 
I 
I , ,  
' 3 5  
I 1  a I w  
l a  
I 
I 
I 
I 
e 
* I  0 
0 e 
e . 
a 
I I 
I I 
O I  
I 
I n  
m I  
I I 
I I 
I- 
a Io 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
~ 
I 
I O  
LL 
(3 
0 
0 
I 
I 
I 
I 
I-. 
I 
I 
I 
I 
I 
I I 
I I 
v) 
W a 
0 
I -  
STAT ION 
RES GFO BPO A G A T Q U I  
cos f l  
Figure 10 
8 .  
I- 
Y- 
I .  
I 0. 
I 4 
I 
I 
I 
I 
i 
I .  
I 
I 
m 
0 
* 
P 
c) 
P 
U- 
P 
I 
I 
I 
1 
I 
I 
I 
I 
I1 rc 
Tf  
t 
I 
I 
I 
I 
I 
-lo 
-cu 
-- 
I c- I I I 
I 
rc) 
* 
t 
I 
I 
I 
I 
I 
I 
I 
I 
i 
t 
I 
I 
I 'io o  I 
. 
fH GFO 
AVE. CENTER FREQ.= 
AVE.PEAK DUR.= 
1.080 MC/S j* 
6028 CYCLES' .+ 
24 RESONANCES 1 
. * . . .  
'. f 
' ?: 
..A*? 
I .  
* : *  
* a .  
e .  
I .* 
;s. 
. , :.a= 
3.b; . . . . .  
2fH BPO 
CENTER FREQ.= 
AVE PEAK D U R =  
1.949 Mc/s  
13888 CYCLES . 
* . 
I 
.-. 
.. . . . .  
*. * 
. .  i:.. : ..: #. : 
. . * + . e  
. I *. ! *. 
. * .  . . . -. .. 
.* % 8:.'. . i .... < ( .  . ' .  
GFO 
> *  
'd,",. CENTER FREQ.= 
2.149Mc/s 8 z AVE. PEAK DUR.= 
0 3 5  RESONANCES 
.. e. 
11 114 CYCLES ... .;
... i . 
n 
n .* 
: '.(. w 
N .... -. t 
5 
2fH BPO 
AVE. CENTER FREQ.= 
AVE. PEAK DUR.= * . 
13 RESONANCES 
1.949 M c / s  ' 
11487 CYCLES * 
. . 
'. * 
: .  . 
.. 
L 
*: 
. . 
* *  :. - 
. .  
.. .. . .  * 
* .  . .  
AVE. CENTER FREQ.= 
1.439Mc/s I 
6936 CYCLES . .: f AVE. PEAK DUR.= * 
* .  
e 
5f AGA.SI 
AVE. CENTE 
2.s 
AVE. PEAK I 
5504 CY 
19 RESONAI 
L h 
EQ.= 
. . .   . * .  .e: . .  . >  
. . .  
* .  
. \  !.: 
: * 
s .  
... 
. *  
.. 
, ... 
. .  
C 
3f" AGA-SNT 
AVE. CENTER FREQ.= 
1.443 Mc/s  1 
AVE. PEAK DUR.= 
7181 CYCLES :' 
16 RESONANCES ,; 
. . .  . . .  . .* 
f 
6 f ~  AGA-SNT 
AVE. CENTEI 
2.1 
AVE. PEAK t 
4921 
6 RESONAN 
FREQ.= 
3 Mc/s 
R.= z 
:YCLES 
s .  
e . .  
. .  
. .  
-200 -100 0 100 200 -200 -100 0 100 200 
-200 -100 0 100 200 
N 0 R M A L I Z E D F R E Q U E N C Y  (K c/s) 
Figure 12 
2 
f 
I- 
C. 
-- 
T 
t 
W 
I t  
3 
7 
I 
I 
I 
I 
I 
I 
I 
I 
I 
0 
